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ABSTRACT
There are few tools currently available to emergency managers to assist in making
decisions about whether to evacuate, shelter locally, or shelter-in-place, and none of these tools
explicitly consider risk to life safety.
A methodology was developed to provide risk-based guidance for evacuation versus
sheltering decision making. The hurricane hazards considered in the developed methodology are
high winds, storm surge flooding and waves, and rainfall flooding. Vulnerability of buildings to
these hazards and the associated risks to life safety are then determined. These results are
compared to the hazards and risks associated with evacuation, particularly for medical special
needs populations where evacuations themselves create significant life safety issues. Novel
approaches to assessing and applying hurricane track and intensity forecast errors were
developed and incorporated into the hazard assessment methodology. The decision support tools
created here are applicable as planning tools as well as response to a particular hurricane
approaching landfall. Examples of the developed method are provided for hurricanes making
landfall along the Northern Gulf of Mexico coast.

vii

CHAPTER 1. INTRODUCTION
It is currently difficult to make decisions on whether to evacuate or shelter in place when faced
with an approaching tropical cyclone. The evacuation or sheltering decision is left to the
judgment of emergency managers and decision makers, and because of a lack of a defined riskbased process, decisions are made based on relative risk from an approaching storm instead of
the actual quantified risks from the storm.
As a result of the current lack of risk-based assessment tools, it is difficult to accurately
assess the risks to a given geographic location and its corresponding population from an
approaching storm. While forecast information is available, it is not presented in a single
comprehensive and easily discernable manner, and does not consider population vulnerabilities.
Because of this, decisions on evacuation and sheltering, which must be made well in advance of
an approaching storm‟s landfall, are very difficult. This is especially true given the long timeline
on which decisions must be made prior to landfall. For major hurricanes, this timeline can be 24
hours for states with multiple evacuation routes, or up to 72 hours for states with limited
evacuation routes, such as Louisiana (Urbina and Wolshon 2003). In some instances the time
requirements are even longer. For example, the timeline for evacuation decisions in southeast
Louisiana begins with a critical decision point at 120 hours (GOHSEP 2008a), at which time
multimillion dollar bus contracts must be activated to provide potential evacuation transportation
for many people who don‟t have automobiles in New Orleans and surrounding areas.
Because of the long timeline involved with decision making, it is critical that the
available information provides the best possible outcome. By making well informed decisions,
desirable results can be obtained whether the decision was made to evacuate or shelter. In 1998,
Hurricane Georges threatened but ultimately missed New Orleans, yet only an estimated 40% of
the population evacuated (Howell 2005). However, in 2005 an estimated 80% of the same
1

population evacuated (NWS 2005) when Hurricane Katrina threatened and struck New Orleans.
It should be noted that the 1998 evacuation was strongly recommended and the 2005 evacuation
was mandatory. It is clearly important that correct and reliable decisions must be made when
recommending or mandating evacuations or public sheltering.
1.1 Problem Statement
For an approaching hurricane which threatens the coastal United States, there are many
areas of uncertainty that exist when making decisions on evacuation and sheltering. Variability in
storm track, storm intensity, as well as uncertainties in storm surge and rainfall flooding, make
decisions very difficult. There are also uncertainties in the vulnerability of people and structures
to hurricane hazards, which adds another level of difficult to the evacuation/sheltering decision.
To ensure the safety of citizens, and obtain the most satisfactory results from evacuation
or sheltering, decisions must be made in an analytical manner. There is currently no definitive
process for decision making which considers the risk for both evacuation and sheltering,
especially for inland locations. Because of this, decisions are often made in an inconsistent
manner and are sometimes based more on risk perception than actual risk exposure. In addition
to this, there are currently a limited number of tools available on which to base decisions.
Although some of these tools do exist, they are not delivered together in a manner for which well
informed decisions can be made.
1.2 Goals and Objectives
This thesis explores methods to minimize risks to life-safety through optimal decision
making for hurricane evacuation or sheltering. The framework for a risk-based decision-making
system will be constructed which considers both evacuation and sheltering. By providing a better
decision-making framework, better evacuation performance can be obtained. The following
objectives are targeted to obtain the previously stated goals:
2

A methodology will be developed which determines hazards to a shelter (individual
building) or geographic location (small town or city) due to tropical (hurricane) event.
The primary hazards to be considered include:
o Wind


A model used to determine wind speed probabilities from a hurricane
currently in the Gulf of Mexico will be developed

o Rainfall Flooding


Forecast rainfall will be used to determine expected flooding

o Surge Flooding


Storm surge hazard will be determined using current surge models

A methodology to estimate vulnerabilities of exposed populations will be developed,
including vulnerability of buildings used as shelters (ranging from individual homes to
health care facilities and public shelters) vulnerabilities of people sheltering in these
buildings during a storm as outlined below:
o Wind


Expected damage of a structure over a range of wind speeds will be
determined



Correlate expected damage to occupant safety

o Rainfall and Surge Flooding


Investigate expected damage from flooding (rainfall and surge)



Base injury/fatality rates on expected flooding using methods reported in
the literature (Boyd, Jonkman, and others).

Using hazards (1) and vulnerabilities (2), obtain an assessment for probabilistic
injury/loss of life (risk assessment).
3

o Wind


Combine wind probabilities with structural vulnerabilities to determine
overall wind risk

o Flood


Combine rainfall and storm surge flooding and determine risk to life
safety

o General


Briefly investigate life-safety consequence of evacuation or sheltering for
certain portions of the population



Compare vulnerabilities from evacuation, shelter-in-place, or public
sheltering

The information will be combined into a single, user-friendly format which could be used
to aid in more complete and well-informed decision making with regards to hurricane
evacuation and shelter selection.
A case-study will be performed on a location in Southern Louisiana to validate the
methodology.

4

CHAPTER 2. LITERATURE REVIEW
2.1 Hazard, Vulnerability, and Risk
The terms hazard, vulnerability, and risk are used in many different fields, including
business, engineering, and social sciences, and these disciplines sometimes use these terms in
different ways. This section reviews some of the definitions as reported in the literature and then
defines how these terms will be used in this thesis. It is also important to note the context in
which the terms are being referenced.
The United Nations maintains a glossary for terms related to disaster management (UN
1992). The UN defines hazard as “a threatening event, or the probability of occurrence of a
potentially damaging phenomenon within a given time period and area.” Vulnerability is defined
as “degree of loss resulting from a potentially damaging phenomenon.” Losses can be in the
form of injuries, fatalities, physical damages, and economic damages. Last, the UN defines risk
as “expected losses due to a particular hazard for a given area and reference period. Based on
mathematical calculations, risk is the product of hazard and vulnerability.”
The Suburban Emergency Management Project (SEMP) also maintains a database for
emergency management terms (SEMP 2008). SEMP defines hazard, vulnerability, and risk in a
similar fashion to the UN. The main exception is their definition of vulnerability, defined as “the
susceptibility of a population to a specific type of event. Vulnerability is also associated with the
degree of possible or potential loss from a risk that results from a hazard at a given intensity.”
Agarwal attempts to define hazard, vulnerability, and risk from a structural engineering
standpoint (Agarwal 2007). Agarwal concludes that hazard is an event with the potential for
danger or harm and risk is the combination of vulnerability and hazard. However, Agarwal
defined vulnerability differently from both SEMP and the UN. He defines vulnerability as the
potential for damage or susceptibility to future damage.
5

Risk is a term that is used in the field of reliability engineering as well. There are two
types of risk which should be defined. Epistemic risk is risk attributed to lack of knowledge of a
variable. Aleatory risk is risk attributed to the uncertainty or unpredictable randomness in a
variable. In reliability engineering it is attempted to quantify these risk to determine the overall
risk to a structure or system (DerKiureghian 2007).
To obtain consistent use, the terms hazard, vulnerability, and risk are defined as follows
for use in this thesis:
A hazard is an event with the potential to cause harm and the probability of its
occurrence
Vulnerability is the susceptibility or exposure to potential harm from a hazard
Risk is the product of a hazard and vulnerability, which yields the probability of
hazard occurrence and expected losses from the occurrence
Additionally, hazard, vulnerability, and risk are all temporally and spatially dependent.
2.1.1 Perception of Risk
A large body of work in the field of social sciences has been devoted to the study of the
perception of risks as they pertain to disasters. Tierney provides an broad overview of disaster
response and risk perception (Tierney et al. 2001). Perception of risk includes perceptions on
likelihood, magnitude, severity, and personal threat from hazards. One important factor in the
perception of risk is the way in which information is received and the perceived credibility of the
information source. Another very important factor in risk perception is an individual‟s prior
experience with the hazard for which they are at risk.
A common method of discerning evacuation behavior, as well as risk perception among
individuals, is through the use of surveys. A survey detailing evacuation behavior was conducted
in Louisiana‟s twelve coastal parishes in 2004 (Howell, 2005). Overall, the study found that
6

those surveyed felt a low perception of risk up to a Category 3 storm. Common reasons for this
low risk perception were having lived in South Louisiana more than thirty years, never
experiencing hurricane damage, belief that their home was strong, or belief that they could not be
flooded. Interestingly, an evacuation from Hurricane Ivan occurred in the middle of the survey
period (in 2004, which ultimately veered away from Louisiana and made landfall in
Alabama/Florida)), and perception of risk of those surveyed before and after Ivan did not differ
significantly. The survey also identified factors which would make people more or less likely to
evacuate. It should be noted that this survey occurred prior to Hurricane Katrina, and
respondents‟ experiences likely would affect their risk perception. Also, for any survey, results
are dependent on the questions posed to the survey participants.
2.2 Hurricane Meteorology and Hazards
Hurricanes are tropical cyclones that form in either the North Atlantic (the Atlantic
Ocean above the equator), the Caribbean Sea, the Gulf of Mexico, or the Eastern Pacific. A
hurricane can be defined as a non-frontal low-pressure system with a warm core, and cyclonic
surface wind circulation with sustained wind speed greater than 33 m/s (74 mph) (Elsner 1999).
For hurricanes to develop, five criteria must be met:
Sea surface temperatures must be greater than 26.5°C (80°F)
Vertical wind shear must be less than 27 km/hr (17 mph)
The storm must be located at a latitude greater than 5° from the Equator
There must be high pressure in the upper troposphere to allow for air divergence
A pre-existing atmospheric disturbance must provide the initial trigger for
hurricane development
The three most significant hazards associated with hurricanes that impact life safety and
infrastructure are high winds, rainfall flooding, and storm surge flooding.
7

2.2.1 High Winds
Wind speed is associated with the overall intensity, or strength, of the hurricane. Winds
are created by the convergence of air near the ocean surface to the low-pressure center of the
storm. As winds converge, they spiral inwards and upwards in a counterclockwise direction. As
rising winds reach the Tropopause they diverge maintaining the pressure difference. Air from the
Tropopause can sink down into the center of circulation creating a relatively calm, wind-free
area, or the hurricane‟s eye. The hurricane‟s eye is typically 20 – 40 miles wide. A crosssectional view of a hurricane‟s air circulation is shown in Figure 2.1.

Figure 2.1 Hurricane Cross-section (NASA 2008)
The greatest wind speeds occur in the eye wall, and decrease in intensity outward from
the eye wall. In addition to this, the highest overall wind speeds occur in the right-front quadrant
of the storm. This is a result of the combination of the storm‟s rotational and translational
velocities, where the rotational wind speed vector is combined with the forward (translational)
movement vector of the storm. There are no specific ranges for the extent, or radius, of these
maximum winds, as this is highly dependent on an individual storm‟s characteristics. However,
8

depending on the storm size and category, hurricane force winds generally extend from 25 – 150
miles from the eye and tropical storm force winds can extend up to 300 miles from the eye.
In addition to the high winds which occur in the eye wall, the possibility exists for high
winds in tornados which can form within the hurricane structure. Tornados are classified by the
Fujita Scale. This scale is based on damage surveys, and the wind speeds are estimates of winds
which occurred to cause the damage in each classification. Table 2.1 shows the original Fujita
Scale compared to the newer Enhanced Fujita Scale. Wind speeds in the Original Fujita Scale are
in terms of “fastest ¼ mile”, or the average speed in which one-quarter mile of wind passes. The
Enhanced Fujita Scale wind speeds are in terms of 3 second gust.
Table 2.1 Fujita Scale

0
1
2
3
4
5

Fujita Scale
Original (mph) Enhanced (mph)
40-72
65-85
73-112
86-110
113-157
111-135
158-206
136-165
207-260
166-200
261-318
+200

One of the earliest studies of hurricane induced tornados analyzed the time period 19551964 and analyzed 1964 in detail (Pearson 1965). For the 1964 hurricane season, no strong
correlation of tornado formation to hurricane quadrant was determined. However, it was
determined that this was due to a bias in the reporting of tornadoes as some quadrants remained
over water for three of the four hurricanes that occurred that year. This study confirmed a
previous hypothesis that tornadoes were most likely to occur in the right-front quadrant and on
the edge of hurricane-force winds outward. The study also disproved a previous hypothesis that
hurricane induced tornadoes were more likely to occur in the afternoon, and attributed this to the
timing of hurricane landfalls for which the hypothesis had been made.
9

A similar analysis was conducted for 373 hurricane induced tornadoes from 1948-1972
and 68 typhoon induced tornadoes in Japan from 1950-1971 (Novlan and Gray 1974). This study
supported previous works which stated that a large majority of tornadoes occurred in the
Northeast quadrant. It was also found that the majority of tornadoes occurred 60-250 nautical
miles from the storm‟s center. The geographic location of tornado occurrence with respect to
distance from shoreline was also investigated. It was found that the majority of tornados
occurred within 100 nautical miles of the shore. Lastly, it was determined that there was little or
no correlation between tornado occurrence and time of day, storm velocity, and storm direction.
The most recent study completed on the distribution of hurricane tornadoes was for the
time period 1950-2005 (Schultz et al. 2008). Figure 2.2 shows distribution of tornadoes by
quadrant.

Figure 2.2 Tornado Occurrence Relative to Storm Direction (Schultz 2008)
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It was found that 59% of land falling hurricanes had at least one tornado. Additionally, it was
found that tornadoes were most likely to form in the first 24-48 hours and within 200 nautical
miles of shore. A total of 1899 tornadoes were counted, with most tornadoes being either F0 or
F1 intensity. Only two F4 tornadoes were officially recorded. No F5 tornadoes were recorded in
the study period. There were, however, 108 tornadoes whose occurrence was verified, but the
individual tornadoes were unable to be classified. Figure 2.3 presents the data in term of both
occurrences with respect to time from landfall and distance from the center of the storm. From
Figure 2.3, most tornadoes occur at 301 – 500 km from the center of the hurricane.

Figure 2.3 Tornado Occurrence by Distance and Time with respect to Landfall (Schultz 2008)
The occurrence of different intensity tornadoes was also examined. It was found that the
majority of higher intensity tornadoes occurred greater than 200 km from the storm center at 0 –
36 hours after landfall. Figure 2.4 shows tornado occurrence at 201-300 km for various time
periods with respect to hurricane landfall. A large number of F0 tornadoes also occur at 201 –
300 km from the center of the storm.
11

Figure 2.4 Tornado Occurrence by Intensity and Time until Landfall within 201-300 km of the
Center of the Hurricane (Schultz 2008)
2.2.2 Rainfall Flooding
Rainfall is essential to maintaining a hurricane‟s structure. As sea surface water
evaporates, its heat energy is stored in the form of water vapor. The water vapor is then carried
upward in the eye wall. As the rising air cools, the water vapor condensates to form clouds and
precipitation. This condensation releases heat energy, which helps maintain the cyclone‟s
circulation. This condensation also occurs in the cyclone‟s feeder bands (Elsner 1999).
Barrett discusses the driving forces behind rainfall in length (Barrett 1999). First, rainfall
accumulation is typically proportional to size; that is the larger area the storm covers the more
rainfall is accumulated on the ground, thus putting more water in the drainage system. Second,
rainfall accumulation is inversely proportional to the forward speed of a storm. Therefore, the
slower a storm moves, the more rainfall accumulates on the ground, while a faster moving storm
accumulates less rainfall on the ground. Knot‟s rule of thumb (Kidder et al. 2005) provided one
of the first estimates of 24 hour rainfall accumulation estimation for an approaching hurricane.
Knot‟s rule of thumb is stated in Equation 2.1.
12

R (inches )

100
V

(2.1)

where V is the translational speed of a tropical cyclone in knots. While accumulation is a
function of hurricane size and forward speed, rainfall intensity does not correlate to the strength
of the cyclone as measured by the Saffir-Simpson which is based on wind speeds.
The rate of rainfall is dependent on the precipitation efficiency (PE) of the tropical
cyclone system. PE is a function of the amount of water in the system, length of time water
remains in the system, dry air in the system, and wind shear. Wind shear also controls rainfall
distribution. The heaviest rainfall, or highest rainfall rates, typically occurs downwind and to the
left of the shear vector, or in direction of the vertical wind shear. Because of this, the heaviest
rainfall is typically located to the right of the hurricane‟s track. The highest intensity rainfall also
occurs at or near the eye wall. Last, as tropical cyclones are steered by frontal boundaries, rain
can form forward of the approaching storm along the frontal boundary. The average rainfall for a
tropical cyclone is 6 – 12 inches, with the heaviest rain occurring in the time period of 6 hours
before landfall to 6 hours after. However, large amounts of rainfall often occur when the
remnants of the storm move inland, and the resulting inland flooding is a significant source of
hurricane-related casualties.
2.2.3 Storm Surge Flooding
Storm surge flooding is defined as a sudden rise in sea level associated with land falling
hurricanes and is the third major hurricane hazard. Storm surge initiates when the hurricane is
over open water as the lower pressure at the center of the storm causes the water elevation to
rise. As the hurricane moves onshore, water begins to accumulate and is driven forward by
winds. The Saffir-Simpson hurricane scale provides estimates for expected levels of storm surge
flooding for different category storms. These estimates range from 4 – 5 feet for a Category 1
13

storm to > 18 feet for a Category 5 storm. While these estimates are provided for expected storm
surge heights by hurricane category, there is not a direct correlation between storm surge and
hurricane intensity. Instead, storm surge heights are dependent on many factors, including
hurricane size, intensity, forward speed, central pressure, approach angle, coastline
configuration, ocean bathymetry, and normal tide level (Elsner 1999).
2.3 Waves and Wind Wave Generation
Water waves are a fluctuation of the water surface about a mean water level.
Water waves can be described in their simplest form as having a sinusoidal shape consisting of
crests and troughs. The crest is the highest point of the water surface, and the trough is the lowest
point on the water surface. The distance between two subsequent crests or two troughs is the
wavelength L. The vertical distance between the crest and the trough is the wave height H.
Waves have a velocity C and the time it takes for a wave to pass a specific point is the wave
period T. Wave frequency f is the inverse of T. Figure 2.5 shows the simple sinusoidal wave
structure.

Figure 2.5 Typical Wave Structure
Wind-generated waves account for the majority of water waves, with other types being
tidal waves, oscillatory waves, and tsunamis. Kamphuis (2000) discusses wave generation in
14

detail. Turbulent wind flow interacts with a water surface, creating small disturbances. However,
for these disturbances to occur, the surface tension of the water surface must be overcome, and
the wind speed must exceed 0.23 m/s (0.51 mph). Once this initial disturbance occurs, additional
wind energy is transferred to the water surface, creating wave action.
There are two basic ways in which wind energy is transferred to the water surface to form
waves. Once disturbances form on the water surface, sheltering causes wind speed to be slower
on the downwind side of the wave. This causes shearing on the water surface, and moves water
toward the crest. Wind speed also tends to be higher at the crest and lower in the trough. This
causes a pressure differential, with negative effective pressure at the crest and positive effective
pressure at the trough. These pressures push the crest upwards and pull the trough downwards.
Both wave height and period can be calculated using wind speed. In addition to the wind
speed, there are local conditions which must be accounted for. The fetch, or distance over which
the wind can interact with the water to develop wave conditions, must be determined. The mean
depth of the water is a limiting factor in maximum wave heights. Last, the duration of the wind
speeds may be needed. Other factors that should be accounted for are the averaging time for the
provided wind speed as well as the height at which the wind speed was measured or converted
to.
2.4 Saffir-Simpson Scale
The standard for hurricane classification in the United States is the Saffir-Simpson Scale.
The scale is a measure of hurricane intensity, and is based on sustained wind speeds (one minute
duration) at 10 meter height above open water. The scale also provides potential storm surge and
damage. However, since these are highly dependent on many factors such as those outlined in
Section 2.2.3, the expected storm surge and damage potential are only estimates (NOAA 2008a).
Table 2.2 shows values for the Saffir-Simpson scale.
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Table 2.2 Saffir-Simpson Scale
Hurricane
Category
1
2

Sustained
Wind Speed,
mph (kts)
74-95 (64-82)
96-110 (8395)

Internal
Pressure
(millibars)
> 980

Expected
Storm
Surge, ft
0-5

965 - 979

0-8

3

111-130 (96113)

945 - 964

0-12

4

131-155 (114135)

920 - 944

0-18

5

>155 ( >135)

919

>18

Expected Damage
Minimal
Roof cover and vegetation
damage
Some structural damage to
residential structures. Mobile
homes destroyed.
Some complete roof
structure failures. Some wall
failures.
Complete roof structure
failures on many residential
and commercial structures.
Some complete building
failures.

2.5 Hurricane Return Periods
There are several ways in which hurricane return periods can be estimated. Return
periods can be estimated from the historical record, from current climatic conditions, or from a
combination of the two. Return periods can also be estimated by using the historic record to
create distributions and then sampling these distributions using simulation techniques, such as
Monte Carlo simulation.
Keim et al. (2007) determines return periods at 45 coastal locations for tropical storms,
hurricanes, and strong hurricanes that are category three or higher. The 45 coastal locations
studied are not evenly spaced along the coastline, but were instead selected for their significance
as population centers or popular beaches, etc. This analysis is based on the historic record and
includes data from 1901 – 2005. Return periods are calculated by dividing the 105 year record
used by the number of events. It should be noted that in Keim‟s analysis, a direct strike with
regards to point of landfall is not necessary for inclusion as a tropical storm or hurricane event.
Instead, an influence area over which tropical storm or hurricane effects were experienced was
16

assumed for different strength storms. By using this methodology, storm events can be counted
for an area that experienced that storm‟s effects, even if the storm did not make a direct hit on the
location in question.
Elsner also examined hurricane return period from the historic record (Elsner 1999). In
Elsner‟s analysis, hurricane landfalls for the time period 1900-1996 are examined. The coastline
from Texas to Maine is broken up by county, and the return period for each county is determined
by dividing the number of hurricane landfalls by the number (97) of years in the record used.
This study was for all hurricane landfalls, and gave no consideration to hurricane intensity. As
stated by Keim, the use of landfall by county possibly skewed the results. A coastal county with
50 miles of coast likely has a higher probability of a land falling hurricane than an adjacent
coastal county with 5 miles of coast.
Landsea (2008) also examined the probability of tropical cyclone occurrence. Figure 2.6
shows the probabilities found by Landsea of a hurricane of any intensity influencing geographic
areas.

Figure 2.6 Seasonal Probabilities (%) of Atlantic Basin Hurricanes (Landsea 2008)
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Landsea‟s analysis differed slightly from that of Keim and Elsner. In addition to looking at
landfalls, Landsea examined any area, including over open water, which could be impacted by a
tropical cyclone. The historic record 1944-1999 was used in the analysis, and different levels of
intensity were investigated. Probabilities for both tropical storms and hurricanes were
investigated, with a hit counted for any storm passing within 100 miles. Hurricane probabilities
were determined, with a hit counted for any hurricane passing within 60 miles. Last, major
hurricane (category 3, 4, or 5) probabilities were determined. A strike counted for any major
hurricane passing within 30 miles of a point.
2.5.1 Return Period for Hurricane Wind Speeds
In the field of Civil Engineering, the design of structures includes loading from wind. The
basis for wind loading is Minimum Design Loads for Buildings and Other Structures (ASCE
2005). The wind speeds for which structures are designed to are determined by statistical
analysis. However, for the southeastern United States the highest wind speed events are from
hurricanes, which are low in frequency. Because there is a relatively short historical record
available for hurricane wind speeds, simulations were performed to obtain the design wind
speeds (Vickery 2000a; Vickery 2000b). For this approach, distributions for central pressure,
radius to maximum winds, translation speed, and coastal crossing points are created. These
distributions are sampled using a Monte Carlo simulation and wind fields are created for the
hypothetical hurricanes. A decay model is then used to obtain the wind field for inland locations
after land fall.
In the study by Vickery, the HURDAT database for 1886-1996 was used to determine
distributions. Using the distributions, a 20,000 year simulation was performed. After running the
simulation, wind speed return periods were determined. The 50, 100, and 500 year wind speeds
were then mapped and wind speed contours were created.
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2.5.2 Wind Speeds and Hurricane Category
Design wind speeds from 2.5.1 cannot be directly correlated to hurricane category. There
are two adjustments that need to be made to correlate the wind speeds with hurricane category.
First, design wind speeds are provided as 3-second gust at 10 meters while hurricane winds are
given as sustained (1 minute) wind speed at 10 meters. Second design wind speeds are given for
wind over flat, open terrain and hurricane winds are given for winds over open water. However,
guidance is provided to compare design wind speeds to hurricane category (ASCE 2005). Table
2.3 shows comparable design and Saffir-Simpson wind speeds.
Table 2.3 Design Wind Speeds Compared to Saffir-Simpson Scale (ASCE 2005)

2.6 Hurricane Forecasting
The National Hurricane Center (NHC) releases forecasts for both the hurricane center
location and the maximum 1-minute surface winds. These forecast are issued every six hours at
0000, 0600, 1200, 1800 Coordinated Universal Time (UTC). The forecasts contain projections at
12, 24, 36, 48, 72, 96, and 120 hours after the forecast time. By projecting the hurricane center
location and maximum 1-minute surface winds, a track and intensity forecast can be created.
This forecast is not based on a single model, but is instead an ensemble forecast. In the ensemble
forecast, multiple models are used for a single hurricane to measure uncertainty and obtain the
best forecast available (NHC 2008b). Also, different models may be used depending on the
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storm‟s location and development. To provide accurate forecast, historical forecast error must be
accounted for.
At the conclusion of every hurricane season, forecasts are compared to post-storm “best
track” data. The best track data contains information on a storm‟s actual track and intensity.
Track forecast error is defined as the great-circle distance between a storm‟s forecast position
and the best track data. Figure 2.7 (Franklin 2008) shows historic forecast error for the different
forecast time projections.

Figure 2.7 Historical Track Forecast Error (Franklin 2008)
It should be noted that the 96 and 120 hour projections were not performed prior to 2001. As can
be seen, significant improvement in forecast track error has been made.
The intensity forecast error is defined as the absolute value of the difference between the
forecast intensity and the corresponding intensity contained in the best-track data. Figure 2.8
shows historic intensity forecast error for various forecast time projections. There has been
minimal, if any, improvement in forecast intensity across all time projections.
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Figure 2.8 Historical Forecast Intensity Error. (Franklin 2008)
The NHC releases forecast information in several different formats. Information is
released in the form of Forecast Advisories, Public Advisories, Discussions, and Wind Speed
Probabilities. The track forecast and wind speed probabilities are also presented in graphic
format. In addition to these, a wind history graphic and maximum 1-minute wind speed forecast
table is available.
Forecast Advisories contain current tropical storm or hurricane watches and warnings. A
watch specifies that tropical storm or hurricane conditions are possible within the watch area
over the next 36 hours. A warning specifies that tropical storm or hurricane conditions are
expected within the next 24 hours. The Forecast Advisory also contains current storm
information on position (latitude and longitude), intensity (maximum 1-minute winds), and
motion. It also contains forecast maximum winds and expected radii of 34, 50, and 64 kt winds
in each of a storm‟s quadrants. The Forecast Advisory may also contain storm surge information.
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Public Advisories present information in a more general format than Forecast Advisories.
Public Advisories contain information on current watches and warnings as well as the storms
current latitude, longitude, and relative position to a particular location. It also contains current
storm conditions (position, maximum winds, and central pressure) and may contain information
on storm surge, rainfall, and tornado potential. When compared to the Public and Forecast
Advisories, Discussions contain more language about the actual forecast. Discussions contain a
brief analysis of certain aspects of the storm as well as reasoning behind provided forecasts.
Also, the discussion contains a tabulated track and intensity forecast for 12 through 120 hours (if
applicable). In addition to the three previously mention items, wind speed probabilities are
provided. This tool lists probabilities of various locations experiencing certain 1-minute wind
speeds. The wind speeds for which probabilities are typically given are 34 (39), 50 (58), and 64
(74) knots (miles per hour). These probabilities are also presented in a graphical format.
In addition to the wind speed probabilities, a graphic containing the intensity forecast in
terms of probabilities is provided. This graphic gives probabilities for a storm obtaining tropical
storm or hurricane strength at different time periods, as well as the probability of obtaining
particular hurricane strengths on the Saffir-Simpson scale. This intensity forecast graphic can be
combined with the graphical track forecast.
The graphical track forecast contains a storms current location, maximum wind speed,
and motion, as well as its projected path. A graphic is provided for both the 3 and 5-day forecast.
The forecasted track is bounded on either side by the “cone of uncertainty”. This cone is created
by incorporating historic track model error in great-circle form at each projected time interval.
Because error is greater for longer time intervals, the width increases which creates the cone
shape. In order to maintain a consistent error level, two-thirds of historic error (approximately
one standard deviation from the mean) is used. Because of long-term improvements in
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forecasting, only the previous five years‟ worth of forecast error is used to create the cone of
uncertainty. Figure 2.9 shows the three day track forecast with a cone of uncertainty.

Figure 2.9 Three Day Track Forecast With Cone of Uncertainty (NOAA)
The accuracy of hurricane landfall forecast has also been investigated (Powell and
Aberson 2001). Spatial and temporal errors were analyzed for the time period 1976-2000.
Forecast errors were determined as a function of lead time, with errors being grouped into the
time periods 0-6, 7-18, 19-30, 31-42, 43-54, and 55-72 hours. Biases for early/late landfall and
landfall to the left/right of the forecast were also investigated. Last, the U.S. hurricane coast was
divided into seven regions and the previously mentioned errors were examined within each
region.
2.6.1 SLOSH Storm Surge Modeling
For storm surge flooding, real-time predictions for approaching storms can be performed.
The current model used by NOAA and emergency management officials is Sea, Lake and
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Overland Surges from Hurricanes (SLOSH) (NHC 2008c). SLOSH predicts storm surge flooding
heights at both coastal and inland locations. In addition to SLOSH, Advanced Circulation
Models (ADCIRC) has also been developed to predict surge flooding (Luettich et al. 1992).
In the SLOSH model, an approaching storm‟s parameters are input to predict storm surge
elevations. These inputs are central pressure, location, direction, forward speed, and radius of
maximum winds. Also included in the inputs are the topography and bathymetry of the
geographic area under consideration. Tide levels are also included in the SLOSH model as these
levels greatly influence storm surge height. The SLOSH model can be used at any point along
the Eastern or Gulf Coast of the United States. These areas are divided into smaller basins which
include the area‟s geographic information.
Peak storm surge heights given by SLOSH are considered to be accurate to within plus or
minus twenty percent. By taking this into consideration, the SLOSH output can be considered as
a range of values. Note that the SLOSH output does not consider rainfall, river flow, or winddriven waves. The surge heights given are mean surge heights. When considering wind-driven
waves, surge height can reach a much higher level.
Within each SLOSH basin is a grid system within which surge values are calculated. The
grid system is laid out in polar coordinates with the point of origin originating at the area of
interest (Jelesnianski et al. 1992). Grid points are set in a radial pattern and are connected with
radial lines (straight) and arcs (curved), creating grid cells in a polar coordinate system. The
polar coordinate system creates a finer grid, or mesh, in overland and nearshore areas where
boundary conditions become more important, and a larger grid over open water offshore, where
boundary conditions are less important. Grid cell sized can range from small (less than 0.5 km
per side) to large (greater than 5 km per side). Figure 2.10 shows the polar coordinate layout and
grid cells for the New Orleans/Lake Pontchartrain SLOSH basin.
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Figure 2.10 Sample SLOSH Basin
Each grid cell is denoted by „+‟ in the center and „o‟ at the corners. Surge values are
transported at „o‟ and calculated at „+‟. Surge models and heights are treated in a two
dimensional stair-step function. That is, each grid cell has a uniform elevation, so there is a step
up, or down, from one grid cell to the next. The elevation for each grid cell is determined as the
average elevation for all topographic features in that cell, excluding features such as barriers to
flow and channels, which are treated as special cases. Grid cell elevations are determined in this
manner for both topographic and bathymetric elevation information. Surge calculations are
determined on a grid-by-grid basis, with all cells referenced to a common datum.
Once a grid cell is wetted by flooding, a volume of water is calculated using the area of
the cell and a depth of flooding, H. For surge flow to continue to the next cell, the next cell‟s
stair step or barrier must be overtopped. Barriers in the SLOSH grid can only be located along
the side of a grid cell. Barriers have to run the length of the grid cell, and can turn 90° at corners.
Barrier heights are to the nearest foot and are given as the mean height of the barrier determined
over half a grid cell length on either side of a corner point. SLOSH allows for gaps in barriers.
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Barriers can include levees, dunes, highway and railroad embankments, or any other uniform
topographic change. SLOSH does not consider barrier failure, and only considers overtopping.
Since barrier failure is not considered in the model, a grid cell could potentially experience
flooding from barrier failure. The model would not predict this potential flooding.
SLOSH also accounts for channels in the topography of a SLOSH basin. Channels can be
natural, such as rivers and streams, or man-made, such as drainage and navigation canals. In
order to be accounted for in the model, channel width must be larger than 1/10 the width of the
grid cell they pass through. Like barriers, there are limitations to channel modeling in SLOSH.
Channels must run alongside a grid cell, and can only make 90° turns. Because of this,
meandering channels with many turns are not well-modeling in SLOSH, and all but the largest or
most significant are excluded. Channels are treated as special cases for surge calculations.
2.6.2 Probabilistic Storm Surge Model
When forecasting expected storm surge levels for an approaching hurricane, small
changes in the hurricane track and intensity can result in large changes in storm surge height at
specific locations. Because of this the NHC has developed a probabilistic storm surge (P-surge)
model (Taylor 2008). In P-surge, multiple hypothetical hurricanes are run in SLOSH to obtain
probabilistic surge information.
P-surge was created to address errors in the SLOSH input, which exceed errors in
SLOSH output. By sampling historic error distributions for track and intensity error, hypothetical
storms are created based on hurricane position, size, and intensity. Distributions are assumed to
be normal and enough tracks are created to cover 90% of the distribution. Each hypothetical
storm is given a weight based on the probability of the error it was based on.
There are two possible outputs for P-surge. The first output is in terms of probability
greater than X feet, where X is in feet, and individual output is given for every foot from one to
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ten feet. The second product is surge values in feet that are exceeded by 10% of the hypothetical
storms created in P-surge. P-surge is currently in the testing phase, and a decision has not yet
been made on when the model will become fully operational.
2.6.3 Rainfall Prediction
There are several methods used to estimate rainfall rates and accumulation from
hurricanes. The simplest method is Knot‟s rule of thumb. While this provides a very rough
approximation, it does not directly provide rainfall rates and does not consider spatially varying
rainfall. New methods, which include track and satellite data among their variables, provide a
more accurate description of predicted rainfall. Among these methods are the Tropical Rainfall
Potential (TRaP) Technique (Ferraro et al. 2005) and an adapted Rainfall Climatology and
Persistence (R-CLIPER) model (Marks Jr 2002). Validations of these models have been studied
by their individual authors, as well as others (Marchok et al. 2007).
An initial TRaP models was proposed in which the distances away from a storm‟s
track was accounted for to determine point rainfall estimates (Spayd 1984). In
this model:

TRaP

V

1

Ri Di

(2.2)

i

where V is the translational speed of the storm, i is the cloud type, R is the rain rate for cloud
type i, and D is the distance across cloud type i. Newer versions of TRaP take advantage of
computing power to iterate the modeling process as well as breaking data up into smaller
sections, which can result in more accurate forecasts. Currently the TRaP model is not available
for longer forecast periods (greater then 30 hours).
While many adequate models exist for predicting rainfall rates, some are complex,
require many input and parameters to obtain satisfactory results, and are not based primarily on
tropical cyclones. Because of this, the TRaP model has been selected to estimate rainfall rates.
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The TRaP model includes the translational speed of hurricanes, as well as incorporating
projected track and intensity forecasts. However, as there are compound errors in track and
intensity forecast, which in turn results in errors in rainfall forecast, the TRaP method has
associated errors. The method is relatively new, and documented errors of up to 20 percent have
occurred.
An additional source for rainfall information is the National Weather Service
Hydrometeorological Prediction Center (HPC). The HPC issues forecast of accumulating
precipitation. During a tropical cyclone forecast period, the HPC will forecast rainfall
accumulation for forecast periods in which the storm is predicted to make landfall (HPC 2008).
This information is then provided to the NHC and included in the Public Advisories. Whenever a
storm makes landfall and dissipates to below tropical storm strength, and the NHC has
discontinued advisories, the HPC will issue rainfall advisories. These rainfall advisories contain
information on current rainfall accumulation as well as additional forecast rainfall. The HPC will
continue to issue advisories until the storm system is no longer capable of producing floodingtype rainfall.
2.7 Flood Prediction and Management
FEMA currently utilizes the National Flood Insurance Program (NFIP) as a basis for
floodplain management. The NFIP was created by the Flood Insurance Act (1968) and was
placed under FEMA‟s jurisdiction in 1979. As part of the NFIP, Flood Insurance Studies (FIS)
are performed and are used to create Flood Insurance Rate Maps (FIRM). The FIS contains flood
profiles for various areas within the study area. Flood profiles are typically provided for the 10(10 year), 2- (50 year), 1- (100 year), and 0.2- (500 year) percent flood probability.
To determine the probability of flooding over a longer period of time the following
relationship should be used:
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R = 1- (1 – Pa)n

(2.3)

where R is total risk, Pa is annual probability of flooding, and n is the lifetime of the structure.
For example, over a thirty year period, there is a 26% chance of exceeding the elevation
associated with a 100-year return period flood at least once. When constructing the FIRM, the
various flood profiles determined in the FIS are used to designate zones of flooding which
correspond to different flood return periods.
Table 2.4 shows the most common flood zones used in the FIRM. Each flood zone
corresponds to a floodplain designation.
Table 2.4 FEMA Flood Zones
Zone
A
B
C
D
X

Designation
corresponds to 100-yr floodplain
outside 100-yr floodplain, within 500-yr
floodplain
100-yr flood sheet flow, flooding < 1 ft
outside 500-yr floodplain
No flood analysis, areas of possible but
undetermined flooding
if unshaded, same as Zone C
if shaded, same as Zone B

Flood Maps must be updated periodically to take into account changes made to the study area.
FEMA provides specific guidance on the way in which a FIS is to be performed (FEMA 2002).
Guidelines are provided on how to determine a design storm and compute hydraulic analyses.
The primary goal of a FIS is to predict flood discharges for a geographic area for existing landuse characteristics. FEMA allows and encourages collaboration with local governments so
studies can account for future changes in land-use that are expected to occur.
The FIS considers all hydraulic characteristics for the study area, most importantly the
storage in the watershed and the time of concentration. The time of concentration can be defined
as the time it takes for water flow from the furthest point of the watershed to reach the outlet
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under consideration (Chow 1988). Stream gages are one tool used to predict flood discharges. By
using recorded discharge data, water surface elevations can be calculated and probabilistic flood
elevations can be determined through statistical analysis.
A design storm is the second concept used to determine probabilistic floods. A design
storm is a storm with a certain total precipitation amount of a certain duration and distribution.
For the study area watershed, a design storm is selected which produces the highest discharge.
Precipitation information for design storms are based on historic rainfall. Historic rainfall is
typically available for periods of 1 to 100 years and for durations of 0.5 to 24 hours. Often,
predicted design storm discharge is calibrated with historic data to ensure the accuracy of the
model or calculations.
2.8 Hurricane Damage
Damage curves, also known as fragility curves or loss functions, are used in many
different disciplines. These curves predict damage to a physical object from an external force. In
Civil Engineering, these functions predict damage to engineered structures or systems from
external loading. External loading can include loading from wind, earthquake, flood, impact, and
live loads, as well as any other loading on the structure. Predicted damage can be presented in
numerous forms. Two of the most commonly used are percent damaged and percent loss. Percent
damaged usually refers to the percentage of a structure which sustained physical damage, while
percent loss usually refers to the relative amount of loss to a structure or structure plus contents,
and is usually based on an economic value. Damage can also be predicted as probability of
damage or probability of exceeding a certain level of damage.
2.8.1 Wind Damage
A method for the prediction of performance of a structure during a low-frequency event,
such as hurricane-force wind, is through the use of fragility curves. These are also known as
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damage, loss, or performance curves. Fragility curves are a probabilistic description of expected
damage to a structure for a specified load and are in the form of a continuous probability
distribution.
Currently, the most common fragility curves in use by emergency management officials
are damage state curves which are contained in HAZUS-MH, which is software that assesses risk
due to hurricanes, floods, and earthquakes (NIBS 2005b). HAZUS contains wind fragility curves
for 36 generic building types. Each building type contains four fragility curves corresponding to
four damage states: slight, moderate, extensive, and complete damage. When considering
hurricanes, these curves are available for wind damage only. Figure 2.11 shows an example of
HAZUS fragility curves. Each damage state corresponds to a particular degree of damage
ranging from very minor to destruction. The damage states are based on the summation of the
resistances of all individual building systems to an applied load. As individual systems are
damaged, the overall structure is damage.

Figure 2.11 Example HAZUS Building Damage Curve for a Wood Frame Residential
Structure in Open terrain(NIBS 2005b)
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Table 2.5 describes individual damage states as well as the relative damage to each
building system for the corresponding damage state. As can be seen, Damage State 4
“Destruction” indicates greater than 50% loss of roof cover and openings, as well as roof
sheathing failure, roof structure failure, and wall structure failure. This destruction criteria does
not indicate whether the structure is still standing, but instead implies that the structure is no
longer usable.
Table 2.5 HAZUS Damage States. (NIBS 2005b)

Numerous other fragility curves have been developed for high-speed winds. Unanwa
developed damage curves that included upper and lower “damage bands” for various building
classifications (Unanwa et al. 2000). The damage bands were created to contain all reasonably
possible combinations of building systems. The lower band indicates the used of the least robust
individual building systems, while the upper band indicates the most robust individual building
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systems. Four building types were investigated: one-three story residential, one-three story
commercial/ industrial, one-three story institutional, and four-ten story mid-rise buildings.
The HAZUS damage state methodology has been validated to a limited extent
following damage surveys performed post-hurricane. Instead of attempting to quantify overall
damage, individual components, which make up the overall damage curves, are sampled.
Because of the large amount of damage curves for various building types, only small samples of
building types are validated. Within the building types, the individual component curves are
validated, but not the curve for the overall structure.
Loss data has also been validated in post-hurricane surveys, and Figure 2.12 compares
modeled to actual loss data (NIBS 2005b).

Figure 2.12 HAZUS Modeled and Actual Loss Data, Plotted on Linear (left) and Log (right)
Scales (NIBS 2005b)
These surveys are from insurance claim data, not data collected in the field. The survey
data, in the form of loss rations, is compared to the modeled loss rations. The modeled loss ratios
are based not only on physical damage, but also assumptions on contents and on a wind field
model. Because of these additional assumptions there may be additional error in the model.
Overall, there is a small trend to underestimate loss ratios in the HAZUS model. This is believed
to be from the lack of loss modeling from tree blow down, as well as minor damage from water
intrusion which may occur at lower wind speeds.
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2.8.2 Surge Damage
There has been minimal research done on specific surge damage models for individual
structures. However, there is available literature on general flood damage prediction and
modeling. Most literature is based on economic loss at the community or regional level. While
some mechanisms of surge flooding are slightly different, flood models can potentially be
applied to storm surge inundation zones (areas subject to slowly rising water with little or no
velocity or wave action).
Kelman provides an overview of flood actions and the way in which they act on buildings
(Kelman and Spence 2004). He also examines current practices for flood damage prediction,
finding that the majority only consider flood depth with a minority considering velocity as well.
The primary way in which floodwater acts on structures is through hydrostatic forces, which is
the force that static floodwater exerts on a structure. Kelman discusses four dynamic floodwater
forces: an equivalent hydrostatic force from low-velocity floodwater, a dynamic force, forces
from non-breaking waves, and forces from breaking waves. High velocity floodwater can also
result in erosion, which can weaken a structure‟s foundation. Differential water heights on the
inside and outside of a structure can cause buoyant or uplift forces. Lastly, floodwater has debris
potential which can cause impact loading on a structure.
HAZUS contains a flood loss module which can be applied to riverine and coastal
flooding (NIBS 2005a). Flood damage functions in HAZUS are loss functions and consider
structural, architectural, mechanical, electrical, and finishing building systems. Other factors
considered in the loss models are the structure‟s age, foundation type, and elevation. These flood
loss functions are primarily for low velocity, inundation type flooding, and are based on
floodwater depth. Because the function are primarily based on loss, and not the percent of
physical damage, building design level and construction quality are not considered critical. The
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loss functions for both riverine and coastal flooding are based on historic insurance information.
The various building types for which there are loss functions are listed in Table 2.6.
Table 2.6 Building Types for HAZUS Flood Depth Damage Functions (NIBS 2005a)

Velocity damage curves are available for wood, steel, and masonry/concrete wall bearing
structures. Figure 2.13 shows an example of a velocity damage curve.

Figure 2.13 Depth-Velocity Damage Function for Steel Buildings (Adams 1985)
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HAZUS does give some consideration to the effect of floodwater velocity on
structures. These damage functions are based on a combination of floodwater velocity and depth,
and consider the likelihood of structural collapse (Adams 1985). The flow velocities are given in
terms of overbank velocity, or the velocity of a drainage system (river, channel, etc.) when the
system has exceeded its storage capacity and begun flooding. Within HAZUS, if flood velocity is
present and collapse is predicted, the previously mentioned loss functions are overridden and the
structure is considered a 100% loss.
FEMA provides some guidance on the determination of flood velocities (FEMA 2005).
The following relationships are approximations, as flood velocities are difficult to predict and are
highly dependent on topography and flood environment. Equations 2.4 and 2.5 provide a lower
and upper bound for expected flood velocities, while Equation 2.6 is for extreme cases
corresponding to storm surge and levee/dam failure.
Lower Bound: V

d s / 1sec

(2.4)

Upper Bound: V

( gd s ) 0.5

(2.5)

Extreme: V

(2.6)

2( gd s ) 0.5

For Equations 2.4-2.6, V is the flood velocity in ft/sec, g is gravitational acceleration (32.2
ft/sec2), and ds is the Stillwater flood depth. A flood is considered to be an inundation-type flood
if its velocity is less than 5 ft/sec (≈ 1.5 m/sec). It should be noted that equations 2.4 – 2.6 are
conservative estimations.
2.9 Hurricane Loss-of-Life
Hurricanes are inherently dangerous due to their associated hazards. Because of this
danger, fatalities often occur during hurricane events. The NHC maintains a database of
casualties resulting from tropical cyclones. The casualties that are officially recorded are “direct”
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casualties. Direct casualties are those resulting from storm surge, rough seas, freshwater
flooding, wind, tornados, and lightning strikes. Indirect casualties, while a result of the tropical
cyclone, are not included. Indirect casualties include those resulting from remnants of the
tropical cyclone, traffic fatalities on wet roads, electrocution, post-event accidents during
cleanup, and health-related fatalities.
A database was created to study fatality statistics for recent tropical cyclones (Rappaport
2000). This database examines fatalities during 1970 -1999. While many high-fatality tropical
cyclones occurred prior to this time period, improvements in forecasting and communication
have helped to decrease total casualties. During the time period 1970-1999, Rappaport reports
600 direct fatalities. Figure 2.14 shows direct fatalities for tropical cyclones from 1970-1999. Of
these 600 fatalities, 492 (82%) occurred from drowning, 72 (12%) from wind, 24 (4%) from
tornado, and 12(2%) from other causes. Of the 492 drownings, 351 were the result of freshwater
flooding. These account for 71% of drownings and 59% of total fatalities. The fatality database
is updated at the conclusion of each hurricane season. Technical memorandums are also put out
which update statistics for the “deadliest” hurricanes, or hurricanes that have more than 25
fatalities in the U.S. (Blake et al. 2007). No details on cause of death are provided.
While not included in the study by Rappaport, fatalities for the period 2000-2007
occurred as a result of tropical cyclones. This information can be found from numerous sources,
most notably Tropical Cyclone Reports issued by the NHC for individual storms (NHC 2008d).
This information can be combined with that of Rappaport and fatalities for 1970-2007 can be
documented. Figure 2.14 shows direct fatalities for tropical cyclones from 1970-2007. For this
time period, there were 2269 fatalities, with 2080 (91.7%) occurring from drowning, 117 (5.1%)
from wind, 39 (1.7%) from tornado, and 33 (1.5%) from other sources. Figure 2.11 shows direct
fatalities for tropical cyclones from 1970-2007. It should be noted that this additional time period
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includes Hurricane Katrina (2005). While total fatalities might never be determined, an estimated
1500 direct fatalities occurred as a result of Katrina, almost all of which were drowning (Knabb
2006). Because of this, the proportion of direct fatalities from drowning during 1970-2007 are
much higher than from 1970-1999.
Other 2%
Wind 12%
Tornado 4%

Water 82%

Figure 2.14 Direct Tropical Cyclone Deaths in the US, 1970-1999 (Rappaport, 2000)
Wind 5.1%
Other 1.5%

Tornado
1.7%

Water
91.7%

Figure 2.15 Direct Tropical Cyclone Deaths in the US, 1970-2007
There is currently a limited amount of literature available on life-safety vulnerability with
respect to individual hurricane-related hazards. Most available information is derived from the
previous fatality statistics. To predict fatalities, the required information must either be inferred
from the individual hurricane hazards or adapted from similar hazards that may not be the direct
result of a hurricane, such as inland flooding.
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2.9.1 Flood Casualties
There is no extensive data on casualty estimation specifically with regard to storm surge
flooding. Instead the existing methods for flooding must be applied to surge flooding
characteristics (flow velocity, height. etc). Penning-Roswell et. al. (2005) outlines a methodology
for estimating the risk of loss-of-life from flooding. The following factors pertaining to life
safety with regards to flooding: flood depth, flood velocity, flood warning and onset of flooding,
debris, number of people exposed to flooding, and the population characteristics of those
exposed to flooding. The higher the flood depth, as well as the higher the flood velocity, the less
mobile people are, and the more likely it is that fatalities will occur. The length of time between
flood warning and onset of flooding controls both populations exposed to flooding and exposure.
Debris is another factor which affects life safety in flooding. High debris amounts impede
travel and cause injuries, which lead to loss-of-life. Lastly, the population exposed and that
population‟s characteristics are important. The larger the exposed population, the more likely
fatalities will occur. If the population is skewed towards the elderly or the infirm, who are less
able to cope with flooding, then higher loss-of-life will occur than that in a younger or more
able-bodied population.
Jonkman (2007) also describes risk to life safety from flooding, as well as providing
models to estimate injury and/or casualty rates from flooding. Jonkman investigates three flood
modes: Breach, rapid rise, and inundation flooding. Breach flooding is used for areas located
near flood protection and is a function of flow rate through the breach. However, the rapid rise
and inundation flood types are functions of water depth and can be applied to general flooding
regardless of the source being a breach in flood protection.
Equation 2.7 (Jonkman 2007) provides and expression for a cumulative probability
mortality function with respect to the depth of flooding.
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FD (h)

ln( h)

(2.7)

N

N
N

The mean and standard deviation are dependent on whether the mode of flooding is rapid rise or
inundation, and h is flood depth above ground in meters. For rapid rise, μN is equal to 1.46 and σN
is equal to 0.28. For the inundation zone, μN is equal to 7.60 and σN is equal to 2.75.
Boyd et al. (2005) proposed a flood fatality function based on historical flood data. Flood
fatalities were based on the depth of flooding, with no additional inputs required. Equation 2.8
provides the relationship between fatalities and flood depth.
FD

0.34
1 e 20.37 6.18 h

(2.8)

where h is the flood depth in meters. In Boyd‟s function, fatalities can never exceed 34% due to
the exponential function. This limiting value is based on the assumption that in almost all flood
events large portions of the population will be able to escape floodwaters, whether through
horizontal evacuations, vertical evacuations, or floating debris.
2.9.2 Wind Casualties
There are currently no methods of predicting wind fatalities. From 1970-2007, there were
117 wind related fatalities, which account for 5.1% of direct fatalities. These were primarily
from debris and falling objects such as trees. Tornados are not included in the wind related
fatalities. From 1970-2007, there were 39 fatalities due to hurricane-spawned tornados, which
account for 1.7% of direct fatalities.
More general information about tornado statistics is available from the National Climatic
Data Center, which maintains a database of severe weather events in the United States from 1950
to present. Within this data base are all tornadoes which occurred during the time period. For
tornados, the database also provides fatalities, injuries, and economic damage. It should be noted
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that tornado reporting and detection has become much more accurate in recent years. Storms can
be queried by location, date, or intensity. Intensity is based on the original Fujita Scale.
Tornado fatalities were determined for the time period 1997-2007. Fatalities were
grouped by tornado intensity on the original Fujita Scale. The time and location of each tornado
is available in the database. Table 2.7 shows tornado fatalities.
Table 2.7 Tornado Fatalities 1997-2007
Fujita Scale
F0
F1
F2
F3
F4
F5

Tornados
9392
3963
1256
415
81
7

Fatalities
3
50
112
312
128
96

Fatality Rate
0.0003
0.0126
0.0892
0.7518
1.5802
13.7143

The fatality rates which appear in Table 2.7 are fatalities per tornado, and do not take into
account population size. For example, if 30 F2 tornadoes are expected in a given year,
30×0.0892=2.69, or approximately 3 fatalities can be expected.
Figures 2.16 – 2.18 show the number of tornadoes which had a given number of fatalities
per tornado event for tornadoes of F3, F4, and F5 intensity during the time period 1997-2007. F0,
F1, and F2 tornadoes are not shown due to low fatality rates.

Figure 2.16 F3 Tornado Fatalities, 1997-2007
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Figure 2.17 F4 Tornado Fatalities, 1997-2007

Figure 2.18 F5 Tornado Fatalities, 1997-2007
2.9.3 Evacuation Casualties
In the 2004 and 2005 hurricane seasons, a large number of storms affected the state of
Florida. A total of 144 fatalities resulted from Hurricanes Charley, Francis, Ivan, and Jeanne in
Florida in 2004 while 69 fatalities resulted from Hurricanes Dennis, Katrina, and Wilma in
Florida in 2005. Fatalities from these hurricanes were studied to determine causes of death as
well as ways to prevent future fatalities (Ragan, Schulte et al. 2008). The study divides fatalities
into time periods (pre-impact, impact, and post-impact), manner of death (accident, natural,
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suicide), and cause of death. Direct deaths are those caused by the physical forces of the storm.
Ragan et al. states that indirect deaths “include those due to loss or disruption of usual services
such as electrical, transportation, medical, and mental healthcare; or personal loss or lifestyle
disruption that includes evacuation, temporary sheltering, loss of safe housing and essential
provisions, psychosocial stress, and clean-up after the disaster.” By these criteria, fatalities which
are pre-impact must be indirect. Twenty fatalities (15 in 2004 and 5 in 2005) were recorded as
occurring pre-impact in the study.
In September of 2005, approximately 2.5 million people evacuated for Hurricane Rita.
During this evacuation, 90 casualties occurred as an indirect result of the evacuation (Zachria
and Patel 2006). Of the 90 casualties, 23 resulted from a fire on a bus containing nursing home
evacuees, 9 were from hyperthermia, 10 were from critical care hospital evacuees, and the
remainders were unconfirmed but assumed to likely be chronic health conditions and
hyperthermia.
A large-scale evacuation occurred for Hurricane Gustav in 2008, and an estimated 1.9
million people (Anderson 2008) evacuated coastal Louisiana. Following the storm, Louisiana‟s
chief medical officer reported 7 casualties which resulted from evacuation (Cataldie 2008). No
further information was available on causes (stress, automobile accident, etc.) or demographics
of the evacuation casualties.
The National Highway Traffic Safety Administration (NHTSA) maintains traffic fatality
statistics in the form of the Fatality Analysis Reporting System (FARS) FARS contains fatality
statistics for all 50 states. State data is also combined to form a single dataset. In 2006, the latest
year in which data was available, an average of 1.41 fatalities per 100 million vehicle miles
occurred (NHTSA 2008). This data could potentially be applied to mass evacuations by using
expected evacuation distances.
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2.10 Current Practices for Sheltering Selection and Design
There are several guidelines pertaining to the construction of hurricane shelters or the
rating of potential hurricane shelters. The American Red Cross (ARC) publishes “ARC 4496:
Standards for Hurricane Evacuation Shelter Selection.” (ARC 2002)This standard was
developed by the ARC with input from FEMA, the Army Corps of Engineers, the Environmental
Protection Agency, and Clemson University. ARC 4496 presents a methodology to assess risks
to a shelter for hurricane related hazards and provides guidelines for selection shelters with the
least risk. The guideline also provides information on where shelters should not be located, such
as particular storm surge or flood zones.
The Federal Emergency Management Agency publishes “FEMA 361: Design and
Construction Guidelines for Community Shelters” (FEMA 2008). In FEMA 361, guidance is
provided for the planning of shelters with regards to various hurricane hazards, as well as
guidance on some construction methods. FEMA 361 is also applicable to tornados. FEMA also
publishes “FEMA 543: Design Guide for Improving Critical Facility Safety from Flooding and
High Winds” (FEMA 2007a). FEMA 543 was created in response to historically poor
performance of critical facilities during tropical cyclone events. It includes not only shelters, but
health care facilities, fire stations, police stations, and emergency operation centers. FEMA 543
provides design considerations for flooding and high wind, best practices for construction type,
and an overview of historical performance for different types of facilities.
2.11 Current Practices for Evacuation Planning
Many states do not have a single master evacuation plan. Some state governments have
the power to order evacuations, but often do not do so. Evacuation decisions are usually
controlled by or delegated to local levels of government, with the state level assisting once the
decision has been made (Urbina and Wolshon 2003). Because of this, the decision making
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process for hurricane evacuation is unique to individual jurisdictions. This is done because local
jurisdictions typically have more knowledge of their capabilities and needs.
A growing body of work has been devoted to evacuation planning in terms of how best to
evacuate populations once the decision to evacuate has been made. One such recent advancement
has been the development of contraflow evacuation methods (Wolshon 2001). Studies have also
been performed on the expected response to evacuation orders as mentioned in Section 2.1.1
(Perception of Risk). Additionally, the economic impacts of hurricane evacuations have been
investigated by determining the costs associated with evacuation, such as transportation and
lodging, and the likelihood of a population evacuating (Whitehead 2003).
The most common overall method of evacuation implementation is the phased
evacuation. In the phased evacuation, the most vulnerable areas are evacuated first, with slightly
less vulnerable areas evacuated afterwards. Figure 2.19 shows emergency evacuation zones for
the state of Louisiana.

Figure 2.19 Hurricane Evacuation Zones for Louisiana. (GOHSEP 2008b)
The red area indicates Phase I of the evacuation and is intended to be issued 50 hours before the
onset of tropical storm winds. Orange (Phase II) is issued 40 hours before the onset of tropical
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winds. Yellow (Phase III) is issued 30 hours before the onset of tropical storm winds. These
three evacuation phases are intended for traffic management purposes, and do not in themselves
mandate an evacuation. However, they do indicate the time before the onset of tropical storm
conditions that is needed for a successful evacuation.
A now common practice during hurricane evacuations is the use of contraflow.
Contraflow is the reversal of traffic lanes opposite of their normal travel direction. By utilizing
contraflow, more traffic can be routed through existing traffic networks in the desired evacuation
directions. States currently using some form of contraflow in evacuations include Alabama,
Florida, Georgia, Louisiana, Mississippi, North Carolina, South Caroline, Texas, and Virginia.
2.11.1 Current Evacuation and Sheltering Decision Making Processes
There is a limited amount of information available in the literature on what decision
processes are followed to determine evacuation and sheltering for hurricanes, and much of the
available literature deals with how to effectively communicate information about hurricanes to
different portions of the population. There is, however, some information available on
organizational decision making which pertains to decision making for hurricane evacuation and
sheltering.
A primary function of emergency management officials is to continuously monitor the
hurricane as it moves toward landfall. Information on a particular storm is gathered from the
National Hurricane Center, as well as storm tracking programs such as HURREVAC (Lindell
2007). HURREVAC plots a storm‟s past and current positions, as well as the forecast track. The
program estimates the onset of tropical storm force winds for an area, and combines these
estimates with user input evacuation times. It then estimates timelines for which evacuations
must be made based on onset of tropical storm winds (FEMA 2009). HURREVAC also has the
ability to plot SLOSH storm surge elevations for single SLOSH model runs. Based on
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continuous information from the National Hurricane Center, as well as input from secondary
computer programs such as HURREVAC, decisions are made on whether to evacuate or shelter.
There is limited quantification of uncertainty input into the decision process. Tools such as the
NHC forecast track “cone of uncertainty”, as well as wind probability tables, are available for
use. These tools may not provide site-specific information for consideration in the decision
making process.
Difficulties often arise when the decision must be made on whether to evacuate or
shelter. This is because at the timelines required for evacuation, a storm is still far from landfall.
Emergency officials must consider the costs, both economic and life-safety, which will be
incurred by deciding to either evacuate or shelter. Examples of economic costs include:
government expenses associated with evacuation management; lost business and tax revenue;
and lost wages and gas, food, and lodging, costs for evacuees. Figure 2.20 shows a simple
decision tree for the evacuation/sheltering decision.

Figure 2.20 Evacuation Decision Tree (Lindell 2007)
When making a decision, officials consider the impacts of their decision
regardless of whether the hurricane actually impacts their area of responsibility. If an evacuation
is ordered, and the storm does not strike (Outcome B from Figure X), no lives will be lost from
the storm, but high cost will have been incurred. Also, the official‟s credibility may have been
compromised, and a future evacuation may not be heeded. If no evacuation is ordered (sheltering
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in place), and the hurricane strikes (Outcome C from Figure X), no economic cost from
evacuation will be incurred, but lives could be lost and the officials credibility may be
compromised.
Decision processes followed by administrators of critical care facilities are similar to
emergency officials, but differ in several key areas. After Hurricanes Katrina and Rita, nursing
home administrators were interviewed to determine why they did or did not evacuate for the
storms (Dosa 2007). Twenty administrators participated in the study, and eighteen out of the
twenty made the ultimate decision on whether to evacuate or shelter. For critical facility
administrators, the cost of evacuation is much higher, both in terms of life safety and economic
cost. These costs factor heavily into their decisions. For Hurricanes Katrina and Rita, the
administrators were more likely to decide to shelter in place than the general public. This was
primarily due to the difficulty in moving facility residents, obtaining staff, and finding a suitable
location outside the area anticipated to be heavily impacted by the hurricane to house their
residents if they did evacuate.
Preliminary guidelines are available to aid nursing home administrators in evacuation and
sheltering decision making (FHCA 2008). These guidelines are very general in nature and
discuss external and internal factors which must be considered when making decisions. External
factors include the nature of the storm, the geographic location of the facility with respect to
flooding, and the location of the facility with regard to population centers. Internal factors
include available staff and supplies, resident characteristics, physical characteristics of the
facility, and available evacuation transportation and destination. This guideline considers storm
effects for an approaching hurricane, but does not consider uncertainty in storm forecast, or the
probabilistic risk associated with the storm.
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CHAPTER 3. METHODOLOGY
As a hurricane approaches land and threatens coastal populations, decisions must be
made on whether to evacuate or to shelter in place. In addition, decisions on where to shelter
must be made if it is decided not to evacuate. To make well-informed decisions, a defined
decision making process must be followed. First, hazards must be quantified and vulnerabilities
must be determined. Once this is accomplished, the level of risk involved in evacuating or
sheltering in place can be examined and an information-based decision can be made.
For high winds, rainfall flooding, and storm surge flooding a defined decision making
process will be followed. Each hazard will be examined separately for probable occurrence. Each
hazard will then be examined for its affect on physical structures. Once this has been
accomplished, rain and storm surge flooding will be combined to determine risk to life-safety, as
well as examining risk to life-safety from wind hazards and risk to life-safety from evacuation.
An evacuation and sheltering decision process will then be used for both rainfall/storm surge
flooding and high winds. Last, a final evacuation and/or sheltering recommendation will be made
based on the results of the decision-making process from rainfall/storm surge flooding and high
winds. Figure 3.1 shows the general analysis and decision process.
Input approaching
hurricane
information

Determine probable
hazards (wind,
rainfall, flooding)

Calculate physical
vulnerabilities

Det. risks from
hazards/physical
vulnerabilities

Make risk-based
evacuation/shelter
recommendation

Figure 3.1 Analysis and Decision-Support Process
It is also important to consider appropriate timelines for evacuation and sheltering
decision making. There will be two levels of planning for decision making. The first will be
long-term, or on the yearly level. The second will be for an approaching storm which may
threaten land. Within the second level there will also be a separation of timelines for decision
making. Decision making for storms greater than 72 hours from projected landfall will be treated
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different than storms within 72 hours of projected landfall. This will allow for the high
variability in forecasting long-range hurricane hazards to be accounted for.
3.1 High Winds
When considering high winds as a hazard in decision making, there are two levels to be
considered. The first level is yearly, where the probabilities of experiencing different hurricane
intensities are considered. The second level is for an approaching storm, where a particular
storm‟s information is used to determine landfall probabilities as well as the potential winds from
the storm. Both levels can be useful in long term decision making. The following steps should be
taken to determine wind hazard:
Determine annual probabilities of hurricane occurrence
Use wind decay model to determine potential inland wind speeds for landfalling
hurricanes of different categories
Determine landfall probability for an approaching storm using historic track
forecast error
Analyze expected windfield from forecast intensities while taking into
consideration historic track and intensity forecast errors
3.1.1 Yearly Hurricane Prediction
Yearly hurricane prediction is useful primarily over longer timelines. These decisions that
are made for these longer timelines include developing hurricane shelter inventories and the
likelihood for which hurricane evacuation and sheltering could potentially be required. There are
two yearly hurricane predictions that can be used to aid in hurricane shelter and evacuation
decision making. The first is the prediction of a storm that may require sheltering (any tropical
storm or hurricane), and the second is the prediction of a hurricane that may require evacuation
(major hurricane category 3 or higher).
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To perform hurricane prediction, the return period for the hurricane event in question
must be determined. Once the return period is obtained, the annual probability for the hurricane
event can be found by taking the inverse of the corresponding return period. Because of
similarities in methodology, studies by Keim et al. (2007) and Landsea (2008) will be used to
obtain return periods. Keim presents results as return periods, while Landsea presents results as
annual probabilities. First, the study area must be located on the respective maps contained in the
studies. In Keim et al. (2007), the coastal location in the study should be used. For the study by
Landsea, the probability corresponding to the location should be used. In Landsea‟s study the
probabilities are given for inland as well as coastal locations. Table 3.1 provides a comparison
for storm probabilities from studies by Keim (return periods converted to probabilities) and
Landsea. Because of the relatively short historic records used in the studies, probabilities can
vary for the various locations and storm classifications (all named storms, hurricane, etc).
Table 3.1 Comparison of Annual Probabilities (%) for Experiencing Wind Effects for Various
Tropical Cyclone Intensities at Coastal Locations

Location
Key Largo, FL
Morgan City, LA
Pensacola, FL
Myrtle Beach, SC
Atlantic City, NJ

All Named Storms
Keim Landsea
33
48
33
36-42
33
30-36
25
36-42
10
18-24

Hurricanes
Keim
Landsea
25
16-18
10
10
17
10-12
4
6-8
<1
<2

Intense Hurricanes
Keim
Landsea
8
4-5
4
1-2
5
2
2
<1
1
1-2

There are also landfall probabilities available for individual hurricane seasons (Klotzbach
2008). Probabilities are given for a landfall at any point along the U.S. coast, landfall along the
Gulf Coast from Brownsville, TX, to the Florida Panhandle, and landfall along the Eastern U.S.
coast including the Florida Peninsula. These probabilities are based on large-scale climatic
conditions which affect hurricane occurrence in individual years. While this information is useful
in knowing whether a particular hurricane season may be more or less active in a large region,
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minimal benefit can be gained in predicting the potential for hurricane conditions at a particular
geographic location.
3.1.2 Wind Speed Decay
In the planning phase, it is useful to know what wind speeds can be expected from
different category hurricanes striking the U.S. coast. For inland locations, the decay of hurricane
wind speeds must be taken into consideration. For wind speed decay calculation to be an
efficient process, a simple empirical model (Kaplan and DeMaria 1995) with few parameters can
be utilized. Equation 3.1 provides an expression for the decay inland wind speed. This equation
is valid for determining wind speed decay of any land falling storm.
(3.1)
Where Vb is a background wind speed (Vb = 26.7 kt), R is a reduction factor (R = 0.9), Vo is the
maximum sustained (1-minute) surface wind speed at landfall, α is a decay constant (0.095 h-1)
and C is a correction for distance inland.
C

m ln

D
Do

(3.2)

b

where D is distance inland from landfall point, Do is initial distance inland (1 km), and m and b
are constants:
(3.3)
(3.4)
c1 = 0.0109kt∙h-2

(3.5)

d1 = -0.0503kt∙h-2

(3.6)

where to = 50 h and t is time since landfall (hours). Results of the wind speed decay analysis are
in terms of knots, and have a 1 minute averaging time at 10 meter height over open flat, open
terrain.
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For the location of interest, the potential inland wind speeds for a range of storms should
be determined. Because landfall wind speed and translation speed of the storm must be known,
inland wind speeds will be calculated for storm categories of Tropical Storm-Category 5 and
hurricane forward translations ranging from 5-25 mph.
3.1.3 Landfall Probability
To determine landfall probability for an approaching storm, hurricane forecasts must be
used and historic forecast error must be considered. Because of improvements in forecasting,
only mean error for the last five years (2003-2007) will be used. This allows for the exclusion of
older, less reliable forecast models. These values will change every year as the previous year‟s
errors are included and the timeline over which errors are considered is shifted. It can be
assumed that forecast track errors are normally distributed by the Central Limit Theorem. The
Central Limit Theorem states that the sampling distribution of the mean can be closely
approximated by the normal distribution, regardless of the population from which the sample is
drawn (Freund 1997). To apply the Central Limit Theorem a sample size greater than 10 is
usually adequate. Table 3.2 shows average forecast track model error for the last five years.
Table 3.2 Historic Forecast Track Model Error
Forecast Time
24
48
72
96
120

Mean Track Error
(miles)
62
114
165
230
312

Track Error Standard
Deviation (miles)
39
78
106
156
211

3.1.3.1 Hurricane Forecast Landfall Error by Spatial Position on the Northern Gulf Coast
For a particular location, it is desirable to know the likelihood of being exposed to an
approaching hurricane. This exposure is determined based on official forecasts from the National
Hurricane Center. Historic errors in the forecast are used to determine the likelihood of a
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hurricane deviating from its forecast path. These forecast errors are well documented for the
various forecast time periods (see Section 2.6). However, when examining hurricane landfall
error, additional criteria must be taken into consideration.
The forecast errors include errors over the entire life-cycle of the storm from the first
forecast to the storm‟s landfall (if landfall occurs). By this methodology, forecast errors in which
the storm is over open water are included. Here, only forecast and associated errors which fall
within a forecasted landfall will be examined. In addition, to simplify the study area only named
storms (tropical storms and hurricanes) making landfall on the Northern Gulf Coast will be
examined. The Northern Gulf Coast will be defined as the coastline from Freeport, Texas to
Apalachee Bay on the Florida panhandle. The Northern Gulf Coast is used because of the
tendency for hurricanes to approach at roughly the same angle, as opposed to the Eastern U.S.
coast, where storms may approach at an angle close to parallel to the coastline.
Landfall errors will be examined for all tropical storms and hurricanes which made
landfall on the Northern Gulf Coast from 2002-2007. There are several reasons for using the time
period 2002-2007. First, it closely follows the NHC‟s use of the previous five years‟ error to
quantify forecast error. Second, it allows for the inclusion of forecasts made during the 96 and
120 hour forecast period, which became operational in 2002. Also, by including the long range
forecast more data is available for analysis. Figure 3.2 shows the storms used for the landfall
error analysis.
Landfall error will be quantified based on the distance from landfall of an approaching
storm. By using the distance from landfall, more data points can be obtained. Also, by using
distance from landfall additional prediction on the behavior of hurricanes can be obtained. The
following distances from landfall will be used for quantifying landfall error: < 100, 101-200,
201-300, 301-400, 401-500, 501-750, 751-1000, and > 1000 miles. Error will be defined as the
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distance between the forecast landfall and the actual landfall while within the previously mention
ranges. Actual landfall positions in latitude and longitude are determined by using the official
“best track” data published by the NHC.

Figure 3.2 Landfalling Tropical Cyclones on the Northern Gulf Coast, 2002-07 (NOAA 2008b)
The distances from landfall will not be uniform distances from the coast. Instead,
distances will be either great-circle or straight line distance from the coast that will be
determined using latitude or longitude coordinates. This will allow errors to be independent of
approach angle. Figure 3.3 shows an example of straight line distances extending from a point.

Figure 3.3 Range of Straight Line Distances
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Great-circle distance can be determined by Equation 3.7, where r is the radius of the
sphere and Δσ is the angle between the two points of interest (Kreyszig 1999).

d

(3.7)

r

The average radius of the Earth can be taken as 3438.46 nautical miles. For shorter distances and
latitudes within 30 degrees of the equator, the Pythagorean Theorem provides a very good
approximation, with errors much less than 1 percent. Equation 3.8 provides the Pythagorean
Theorem in terms of latitude and longitude, with a conversion to transform the Cartesian
coordinate distance to a distance in nautical miles.
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Sixteen named storms during the time period 2002-2007 were used to determine landfall
error. A Pythagorean Theorem approximation was used to determine error values and errors were
binned into the previously mentioned ranges. The results of the landfall error analysis appear in
Table 3.3 and Figure 3.4. The number of samples in each bin is shown, as well as the mean and
standard deviation of each sample bin. Samples were also tested for normality using the ShapiroWilk (S-W) test for normality. For S-W > 0.5, the distribution can be assumed as being normally
distributed. Results are presented in statute miles. This is done for applicability when applying
the error data to a section of the coastline. Also, the NHC presents a storm‟s relative distance
from a point in terms of statute miles.
Table 3.3. Results of Landfall Error Analysis
D
N
µ
σ
S-W

0-100
16
19.0
18.1
0.81

101-200
20
43.8
36.4
0.85

201-300
22
65.4
63.8
0.82

301-400
17
57.6
58.5
0.70
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401-500
21
78.3
67.3
0.70

501-750
33
86.4
70.1
0.83

751-1000
18
94.5
77.4
0.80

>1000
15
136.9
109.3
0.86

As can be seen in Figure 3.4 the landfall errors have a faily good linear relationship with
distance from landfall. Both the mean and standard deviation data displays a reasonable
coefficient of determination (R2) with the linear relationship shown.

Figure 3.4. Landfall Error With Respect to Distance From Landfall
3.1.3.2 Analysis of Landfall Error Tendency to the Left or Right
The sixteen storms used in Section 3.1.3.1 were also analyzed for the tendency of the
final landfall location to be either to the left or the right of the forecasted landfall location. This
was done in the same manner as the prevous analysis, with storm distance from landfall being
binned into the same ranges. For a forecast made within one of the distance from landfall ranges,
the forecast landfall point is compared to the official landfall and designated as either being to
the left or right of official landfall. These errors are then collected in the same way as the
previous analysis and are analyzed. Table 3.4 shows the results of this analysis for left-right
errors.
57

Table 3.4 Results From Left-Right Forecast Error Tendency Analysis
N
Left Right % Left
0-100
7
8
46.6
101-200
9
11
45.0
201-300
14
8
63.6
301-400
13
4
76.5
401-500
16
5
76.1
501-750
18
15
54.5
751-1000 11
7
61.1
>1000
7
8
46.7
Σ
95
66
59.0

Mean Error, mi
% Right
53.3
55.0
36.4
23.5
23.8
45.5
38.9
53.3
41.0

Left
24
59
41
47
69
88
80
91

Right
9
31
107
90
106
83
116
177

Error Std
Deviation, mi
Left
Right
16
7
43
25
34
82
28
114
50
107
60
82
74
82
50
133

From the results in Table 3.4 there appears to be little difference in the tendency of the
forecast to shift left or right for official landfall with the exception of distance from landfall
ranges 301-400, 401-500, and perhaps 201-300.
3.1.3.3 Calculation of Landfall Probability
Once the mean and standard deviation of the forecast error has been determined, the
probability of landfall based on the error can be determined. A single location will have a
relatively low probability of being the actual point of landfall. Instead, a larger area must be used
in order to obtain a more realistic landfall probability. This area will be of an appropriate size for
the study location.
To determine the probability of landfall at a certain point, the following expression can
be used, assuming normality:
f ( x)

1
2

(x

e

2

)2

(3.9)

2

x is distance from forecasted landfall position to the location of interest, μ is mean forecast error,
and σ is standard deviation of forecast error. The terms μ and σ can be either individual values or
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functions. However, individual probabilities of landfall at a single point are very low. This can
be rectified with the following expression:
D2

P( D1

X

D2)

(3.10)

f ( x)dx
D1

Substituting in the normal distribution:

P( D1

X

D 2)

1
2

(x

D2

e

2

)2
2

(3.11)

dx

D1

where D1 and D2 are distances from the projected point of landfall and can be positive and
negative. D1 and D2 will depend on the desired information. For long-range timelines, D1 and
D2 will be taken as 60 miles on either side of the point of interest, or an approximate extent of
hurricane winds. For shorter timelines D1 and D2 can be taken as the radius of desired wind
speeds, and D1 and D2 may or may not be equal in this case. Figure 3.5 shows this concept. The
distance from the forecast point of landfall to the point of interest is determined first. For this
analysis, the direction toward the point of landfall is always positive.

Forecast Landfall
Point of Interest
D1

D2

Forecast Track

Figure 3.5 Variables for Hurricane Landfall Probability
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While Equation 3.11 can be calculated, it is sometimes useful to use the standard normal
distribution if computing resources are limited as values for the standard normal distribution are
available in tabulated form. The standard normal distribution is a normal distribution with a
mean of zero and a standard deviation of one. Equation 3.12 shows the standard normal
probability distribution function.
z

( z)

1
2

e

u2 / 2

(3.12)

du

When using the tabulated form of Equation 3.12, the probability of a variable being less than or
equal to a value x is given by Equation 3.13.

F ( x)

( z)

x

(3.13)

For landfall probability, the variable x is the distance on either side of a landfall point
with reference to the forecast landfall point and the forecast time period. For a potential landfall
area this would be given by Equation 3.14.

P( D1 x

D 2)

P

D1

x

D2

(z2 )

( z1 )

(3.14)

µ and σ are the mean and standard deviation of the forecast error at the forecast period that is
being examined.
3.1.4 Wind Environment
Once landfall probability has been calculated the wind environment for a location must
be determined to calculate the wind hazard as well as to calculate wind-driven waves. There are
several ways in which this can be accomplished. Official forecast intensity models can be used,
individual landfall probability combined with expected wind field can be used, or other
forecasting tools can be used.
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When using forecast models, there are several tools available. The first is the forecast
track tool, which displays the forecast track and projections on when storms will reach tropical
storm and hurricane strength, as well as when storms decay into weaker systems. Figure 3.6
shows an example of a forecast track. As can be seen, projections are noted in the track of when
the storm will reach tropical storm and/or hurricane force, as well as when the storm will
weaken. This tool is of limited value, since wind speeds must be grouped into large value ranges.
A second, more useful tool is the wind speed probability table. This table displays
probabilities for different wind speeds occurring at different time periods. Wind speeds are
grouped by intensity (tropical storm, hurricane category). By utilizing the wind speed probability
table, the hurricanes speed and expected intensity can be accounted for. Table 3.5 is an example
of a probability table for Hurricane Gustav.

Figure 3.6 Example Forecast Track Graphic
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Table 3.5 Example Wind Speed Probability Table [NOAA]

A third tool is the use of the Hurricane Forecast/Advisory. Maximum winds are forecast,
as well as the radii of winds in a hurricane‟s for quadrants for 64, 50, and 34 kt winds. Table 3.6
shows an example of wind radii forecast.
Table 3.6 Example Wind Radii Forecast
Forecast Valid 29/0600Z 19.5N 78.1 W
Max Wind: 70 KT Gusts: 85 KT
Wind
Quadrant
64 KT
25 NE 20 SE 20 SW 25 NW
50 KT
50 NE 40 SE 40 SW 50 NW
34 KT
90 NE 75 SE 75 SW 90 NW
The forecast 34, 50, and 64 kt winds are also available in a graphical form, which
displays the probability of experiencing these strength winds over a specified time period. This
tool takes into consideration both historic track and intensity errors. Figure 3.7 shows a sample
wind speed probability graphic.
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Figure 3.7 Example 50 knot Wind Speed Probability Graphic [NOAA]
While this tool is useful, it is often desirable to know the probability of wind speeds which are
greater than minimum hurricane strength. This is especially important when evaluating structural
performance.
3.1.4.1 Determination of Wind Speed Probabilities at a Specific Location
To determine the probability of experiencing a particular wind speed from an
approaching storm at the location of interest, two error sources must be accounted for in the
forecast. The first is the landfall error and the second is the intensity error. The landfall error
used here will be spatial as discussed in Section 3.1.3.1, while the intensity error will be
temporal. In order to obtain a larger dataset, all intensity errors for named storms in the period of
2002-2007 were used to determine means and standard deviations of the intensity error. It should
be noted that, as mentioned in Section 2.6, using a larger time period would have a minimal
effect on the data as there has been minimal improvement in intensity error reduction. Instead,
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this time period is used to provide continuity with the period that was used to determine landfall
error. Table 3.7 shows a comparison of forecast intensity errors.
Table 3.7 Comparisons of Forecast Intensity Errors, 2002-2007

Forecast Period
12
24
36
48
72
96
120

Intensity Errors (mph)
Actual
Absolute Value
Mean
Std dev
Mean
Std dev
-0.6
11.6
8.3
8.1
-0.7
16.5
12.3
11.0
-1.8
19.8
15.2
12.8
-2.6
22.9
17.6
14.8
-3.4
26.3
20.7
16.6
-5.3
26.9
21.8
16.5
-7.2
29.6
24.3
18.3

NHC
Mean
7.4
11.3
13.8
16.2
21.0
22.8
25.1

The actual intensity errors shown in Table 3.7 differ from intensity errors used by the
National Hurricane Center. The NHC uses the absolute value of intensity errors to determine
mean intensity error. The intensity errors for the data set were also calculated using the absolute
value, and are shown in Table 3.7 along with the NHC official mean errors. The means for the
absolute value intensity error closely follow the NHC intensity errors. The small differences are
likely due to slightly different data sets being used. While using absolute error values provides a
higher mean error than the actual error values in Table 3.7, standard deviations are smaller. By
considering values in the negative and positive range, the data is more spread and standard
deviations are larger. This can provide for a more complete probabilistic description of the
intensity error when it is to be combined with landfall error. Table 3.7 also shows a trend to
under-predict intensities. The forecast is typically conservative, especially at long forecast
period. Because the forecast intensities are made in large increments (i.e. 100 kts, 110 kts, etc), a
forecast value in-between two increments is more likely to be rounded up. Secondly, forecasters
may be hesitant to suddenly downgrade forecast intensities as a storm approaches landfall for
fear that the public will not take the storm seriously.
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The wind speed probability at a location cannot be determined until an approaching storm
is close enough in time to landfall for an intensity forecast to be issued. This limit is 120 hours.
Within 120 hours, there are differences as to the detail of the forecast with respect to the wind
field. As the storm moves closer to landfall more detailed wind field forecasts become available.
For example, at the 120- and 90- hour time period, a forecast for the intensity only may be given.
At the 72 time period 34 kt and 50 kt wind radii may be given, and for within 72 hours wind radii
for 64 kt may be given. The more detailed the wind field forecast, the better the wind speed
probabilities become.
The data set was also tested to see if it followed a normal distribution. To determine
normality, a random portion of 1000 intensity samples was taken from the data set. Then, a
normal probability plot was created using the sampled data. Figure 3.8 shows the normal
probability plot.

Jason Fennell

20

10

0

a

-10

-20

-30

-40
0.01

0.1

1

5

10

25

50

75

90 95

99

99.9 99.99

Normal Percentiles

Figure 3.8 Normal Probability Plot of Sampled Intensity Error
To determine wind speed probabilities at the location of interest, wind speed probabilities
correlating to landfall error are first determined. This is accomplished by using the storm‟s
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current distance from landfall and the corresponding landfall mean and standard deviation errors.
The forecast wind field is correlated with the landfall position and a distribution of potential
landfall positions is obtained. By correlating the wind field to the landfall position, a distribution
of potential wind speeds is obtained. Figure 3.9 displays several potential landfall locations for a
single storm relative to a point of interest. As can be seen in Figure 3.9, two potential landfall
locations are shown with respect to the location of interest (red star). A wind field corresponding
to the storm track is used to determine wind speeds at the location of interest for each potential
landfall. The contours shown indicate wind speeds. These contours are unique to the individual
storm being modeled. Depending on the particular storm, they may indicate 34, 50, and 64 kt
winds, or the wind speed contours could indicate higher wind speeds such as 90, 100, 110 mph
winds.

Figure 3.9 Potential Landfall Locations
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A graphic item used in hurricane forecasting is the cone of uncertainty. The cone of
uncertainty represents two-thirds of historic track error. That is, based on historic error, at least
two-thirds of the possible tracks for an approaching hurricane should fall within the cone of
uncertainty. Figure 3.6 in Section 3.1.4 exhibited a cone of uncertainty. Figure 3.10 shows a
representation of the cone of uncertainty for a potential forecast track. Figure 3.11 shows an
example of potential tracks from an approaching storm. Some of the potential tracks will fall
outside of the cone of uncertainty. Figure 3.12 shows an example of an original forecast track
and the path which the storm actually took, as well as the resulting wind field from the actual
path. This figure, as well as the previous figures, exhibit a storm‟s potential to deviate from a
forecast track and the consequences for a particular location with respect to the wind field.

Figure 3.10 Forecast Landfall with Cone of Uncertainty

Figure 3.11 Possible Storm Tracks for Approaching Storm
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Forecast
Track

Potential Actual Track

Figure 3.12 Original Forecast Track and Potential Actual Storm Track
Once the wind speed distribution with respect to landfall error is obtained, it must be
combined with intensity error. Because the landfall error will be calculated for each forecast
period, the corresponding intensity error for that period will be used. In order to obtain a more
accurate quantification of probable wind speeds, the errors from landfall and intensity must be
combined. The mean and standard deviations of landfall and intensity errors are obtained as was
previously discussed, and an example is given in Appendix A. Because both are now in terms of
miles per hour, the two can be combined to form a single distribution.
There are assumptions than must be made in order for the combination to be applicable. It
must be assumed that the errors are normally distributed. For landfall and intensity errors it has
been previously stated that distributions can be considered normal. Second, it must be assumed
that forecast landfall and forecast intensity errors are not correlated. In historic trends of landfall
and intensity error for all forecasting periods, it can be seen that reduction in spatial error (by 50
percent) has had no impact on reduction in intensity error, which has remained essentially
unchanged (see Figures 2.7 and 2.8). Therefore, at least on average, the intensity and track errors
appear uncorrelated and will be assumed as such. Under these assumptions, the concept of sum
of random variables in the Central Limit Theorem can be applied. This is stated in Equations
3.15 and 3.16.
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V

V ( L)

2
V

(3.15)

V (I )

V ( L)

2

(3.16)

V (I )

V is the velocity, V(L) is velocity from landfall error distribution and V(I) is velocity from
intensity error distribution. Once these have been combined an overall wind speed probability
distribution can be obtained which considers both landfall and intensity error.
3.2 Storm Surge Flooding
When determining risks to a location from storm surge, it is important to consider both
the likely depth of surge flooding as well as the local wave environment resulting from wind
driven waves. By knowing an expected range of wave heights and wave periods, the highest
floodwater height can be determined and likely damage to the area or structures in question can
be estimated.
To determine risks from storm surge flooding, the following items must be considered:
building/site elevation(s), building type, expected storm surge height, wind conditions, local
geography, and surge model errors. By considering these items, a surge height range can be
estimated, a wave environment can be determined, and probable damage to structures under
investigation can be estimated. The following steps should be followed to determine storm surge
hazard:
Determine site(s) elevation(s)
Determine building(s) type(s)
For planning, determine surge flooding for a suite of storms using SLOSH Maximum
Envelope of Water (MEOW) data
Analyze MEOW surges and determine relative hazards
Determine fetch
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For real-time analyses, determine likely surge flooding using SLOSH and PSurge
Determine expected wind field
Calculate expected wave environment
Combine surge and wave information
Determine relative total surge hazard
3.2.1 Elevation
As mentioned in Section 2.6.1, surge elevations in SLOSH are given in height above
mean sea level. Because of this, elevations must be determined for the area under consideration.
Elevations can be determined from the following sources:
Topographic maps
NFIP Elevation Certificate
Light Detection and Ranging (LIDAR)
Digital Elevation Model (DEM)
On-site elevation surveys
When using elevation information, care should be taken that the same elevation datums are used.
SLOSH now utilizes the North American Vertical Datum of 1988 (NAVD88). Previously,
SLOSH utilized the National Geodetic Vertical Datum of 1929 (NGVD29). If elevations are
provided in NGVD29, they should be converted to NAVD88. There are online calculators and
programs available to do this conversion. The recommended method is to use VERTCON, which
is available from the National Geodetic Survey (NGS 2009). The latitude and longitude of the
study area must be known to perform the conversion.
Care must be taken to differentiate site elevation from building elevation. If a particular
building is being investigated, the site elevation should be recorded, and then the building‟s first
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floor height above grade, or above the site elevation, should be recorded. If multiple floors of a
building are intended for use, the height of each floor should be recorded.
3.2.2 Storm Surge Prediction
The SLOSH model will be utilized to calculate expected storm surge heights. When
utilizing SLOSH, there are two versions which can be used. In the first version, PSurge, an
approaching storm‟s characteristics are input into the model and a range of probable surge
heights are calculated using historic forecast error. In the second version, individual runs are
archived for each grid point in the basins. These runs can then be called up and displayed
graphically in the SLOSH viewer.
There are two ways in which SLOSH results are presented. The first is a Maximum
Envelope Of Water (MEOW). For the MEOW, a hurricane category, forward speed, tidal level,
and track direction are chosen. Figure 3.13 displays the user window in which storms are chosen.

Figure 3.13 SLOSH Storm Selection Window
SLOSH then returns surge heights which are the maximum heights for the grids based on the
storm parameters chosen. These maximum heights are obtained by running the selected storm on
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parallel tracks to obtain composite storm surges. The highest predicted storm surge for the
individual grid from the parallel storms is then assigned to that grid (FEMA 2007b). In this way,
a worst-case scenario for the chosen storm is obtained.
The second way in which SLOSH data can be displayed is a Maximum of MEOWs,
called a MOM, and provides maximum surge heights. The MOM is a composite of all surge
heights for a given Saffir Simpson hurricane category, and considers all speeds, directions, and
tide levels. There are only 5 MOMs available for each basin, which correspond to hurricane
categories one through five.
It is possible to obtain all possible MEOW surge heights for a user-specified location in
SLOSH. By using the “Inquire All” command, surge heights for all possible storm direction,
category, forward speed, and tide level combinations are listed. This data can be saved into text
format for further analysis. Using these data, critical storm surge scenarios can be determined.
When doing this analysis many storm combinations result in no surge. This is to be expected
since weak storms or storms moving in certain directions over land may not produce any storm
surge.
3.2.3 Storm Surge Prediction for Decision Making
For surge flooding, there are two ways in which storm surge must be treated. The first is
in the planning phase and the second is specific to an approaching storm. In the planning phase a
range of potential storm surges can be predicted once the area(s) of interest have been
determined. The MEOW data for all SLOSH storm surge scenarios can be exported, and using
elevation data, storm surge heights at the study area can be determined. From these surges,
storms can be separated into zero, low, medium, and high hazard potentials. Zero hazard
potential is for storms that cannot produce surge at the study area. Low hazard potential indicates
being on the edge of the surge inundation zone or having predicted surge depths of less than one
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foot above the desired elevation (ground, first floor, etc). Medium surge hazard potential is for
areas with expected surge heights up to three feet. High surge hazard potential denotes areas with
expected surge greater than three feet. Hazard levels were selected based on the general risk to
structural stability and life-safety from each level. These hazards are only for the planning
phase. Actual hazard and associated risk for storm surge from an approaching storm will be
determined with additional criteria. By utilizing storm surge predictions in the planning phase,
decisions for similar approaching storms can be made in a timelier manner.
The suite of storms developed in the planning phase can also be used for analysis of an
approaching storm. Based on a storm‟s current and projected path, surge scenarios can be
narrowed down to a small portion of those developed during planning. The individual storm and
the study areas location and geography will govern how many surge scenarios can be eliminated.
This process will be useful when the storm is still far from landfall (greater than 72 hours) and
storm-specific surge forecasting results are not yet available.
The second tool available for an approaching storm is the p-surge forecast. The p-surge
forecast is valuable because it includes specific information on an approaching storm, as well as
historic model errors. However, surge values are limited to the exceedance values provided in the
forecast as outlined in Section 2.6.2. Therefore, a combination of the two tools is recommended,
with MEOW data used initially, followed by p-surge data as it becomes available.
3.2.4 Wind Driven Waves
Wind driven waves can have a significant impact on structures, and have the potential to
substantially raise the heights at which storm surge must be accounted for. As discussed in
Section 2.3, there are several factors which must be taken into consideration. The main factor is
the wind environment, which is the driving force behind water-wave generation. The wind
environment includes both wind speeds and the duration of the wind speeds. The fetch length, or
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open distance over which wind acts on the water surface, must also be considered, as well as the
angle of the wind to the fetch. By considering these factors, a wind driven wave environment can
be estimated for an approaching tropical cyclone.
3.2.4.1 Fetch
The fetch is defined as the distance over which the wind can interact with the water to
develop wave conditions. The length of the fetch in the upwind direction is critical in
determining the local wave environment. There are several ways in which the fetch can be
determined. The fetch can be determined by site inspections, satellite or aerial photographs, or
remote sensing roughness measurements. When using photographs or remote sensing data, care
should be taken that the data is current. Changes such as construction or clear-cutting of timber
can alter the fetch length drastically in a short period of time. Flood conditions must also be
considered because as flood depth increases, the surface roughness can potentially change, which
can then alter the fetch.
The following expression can be used for determining the fetch length when the mean
wind direction is not acting directly along the fetch, but is instead at an angle.
The effective fetch can be calculated using Equation 3.17 (Smith 1999):
xi cos

Feff

cos

i

(3.17)

i

For Equation 3.17, xi is the length of the fetch and θi is the angle of the mean wind direction to
the fetch.
3.2.4.2 Wave Environment
Once a fetch is determined, and the wind environment is known, a potential wave
environment can be calculated. Equations 3.18 and 3.19 are expressions for maximum significant
wave height (Hs) and peak wave period (Tp) based on stillwater depth. Significant wave height is
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the height of the highest 1/3 of waves present. Any wave heights or periods calculated should be
less than these values.
Hs

0.49d s

1.7(d s ,avg ) 0.5

Tp

(3.18)
(3.19)

Equation 3.20 gives the maximum value for breaking wave height (Hb) based on stillwater depth,
ds.

Hb

0.78d s

(3.20)

Wave heights calculated in equations 3.18 and 3.20 can be used as a quick estimate before more
detailed calculations are performed, as an initial rough estimate, or if information on the wind
environment is unknown. In addition, any wave heights calculated should not be higher than
those in equation 3.20. Figure 3.14 shows these heights graphically.

Figure 3.14 Maximum Significant Wave Heights (Hs) and Breaking Wave Heights (Hb) by
Flood Depth for Unlimited Fetches
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There are several ways in which wind-driven wave heights and periods can be calculated.
Most methods rely on fetch length and wind speed. More detailed relationships may require
additional information such as stillwater depth, wind angle, or assumptions that the wave form is
more complex than a simple sinusoidal shape. The following relationships are used in wave
hindcasting and are derived from the Jonswap spectrum. The Jonswap spectrum is a wave
spectrum for fetch-limited waves. Because waves are fetch-limited, they grow with distance
and/or time (Smith 1991) (Kamphuis 2000). Equations 3.21 – 3.28 are for the calculation of
wave heights and periods in the Jonswap spectrum.
gF
U2

F*

(3.21)

For fetches where the mean winds are not acting directly along the fetch, Feff from Section
3.2.3.1 can be substituted for F in Equation 3.21.
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min( F * , F * eff )
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(3.24)

0.0016( F )1 / 2

(3.25)

0.286( F )1 / 3

(3.26)
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g

(3.27)
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g

(3.28)
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where F is the fetch (m), U is the wind speed (averaging time, m/s), t is duration (seconds) of U,
and g is acceleration due to gravity (9.81 m/s2). Potential wave heights may be converted to feet
(if desired) after calculations are complete. To maintain a consistent use of input data, wind
speeds will be grouped into three categories: 34 kts (17.5 m/s), 50 kts (25.7 m/s), and 64 kts
(32.9 m/s), as well as any other desired wind speeds, such as by hurricane category. These values
are available from forecast advisories, and are outlined in Section 3.1.4. Care should be taken to
ensure that reported wind speeds are associated with the correct t. Longer t values require an
adjustment of wind speeds to the appropriate averaging time. Table 3.8 shows an example of
wave heights based on storm intensity and wind duration for a fetch of 3000 feet.
Table 3.8 Fetch-Limited Wave Heights in Meters Based on Saffir Simpson Hurricane Category

Intensity
TS
1
2
3
4
5

Duration of Wind
3 sec
1 min
10 min
0.01
0.10
0.46
0.03
0.21
1.02
0.04
0.29
1.41
0.05
0.35
1.69
0.06
0.43
2.10
0.07
0.54
2.59

3.2.4.3 Wave Environment Classification
Once the wave environment has been determined, the relative hazard from waves will be
placed into one of three categories: low, medium, and high. A low wave hazard reflects little or
no waves that are a threat to life safety or structural stability. For low wave hazard, waves do not
need to be considered for sheltering or evacuation. A medium wave hazard denotes some
significant wave height that are a hazard to life safety and some structures. For medium wave
hazard, further consideration should be given to waves and structure type should be closely
examined to determine its robustness. High wave hazard refers to wave conditions in which there
are significant wave heights which threaten both life safety and structural stability. For a high
77

wave hazard, structures exposed to wave action should be evacuated and sheltering should not be
considered as an option. These relative hazards are for the planning phase. In real-time, decisions
based on wave height would be made for individual structures/areas.
3.2.5 Expected Surge Flooding
Once storm surge has been predicted and the wave environment has been determined, a
range of expected storm surge flooding can be determined. First, the predicted surge flooding
value should be combined with historic SLOSH error (± 20%). Next, expected wave heights
should be added to surge flooding (if applicable). Storm surge values will be obtained from
either official forecast data or from user-run data if available. Since surge heights are typically
provided in terms of height above mean sea level, the elevations found in Section 3.2.5 will be
subtracted from surge values to obtain desired storm surge flood depths above ground at the
building site, above the first floor of the building, etc. To estimate flood velocities, the
approximate method presented in Section 2.8.2.1 will be used.
Once the expected surge flooding is determined, the expected wave environment can be
superimposed on the surge elevation. The wave heights calculated in 3.2.4.2 should be used.
Wave heights should be based primarily on the fetch-limited wave criteria. However, these wave
heights should not exceed depth-limited height presented in Equations 3.18 – 3.20. Also, the
entire wave height should not be superimposed on the surge elevation. Because the surge
elevation is a mean water elevation, the half of the wave height above the mean water level
should be added. Therefore only half the wave height is added to the surge elevation.
3.3 Rainfall Flooding
In addition to storm surge flooding, rainfall flooding should be taken into consideration
when considering hurricane evacuation and sheltering. There are several ways in which rainfall
flooding should be considered. It should be examined as an immediate threat that could
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potentially require an evacuation. Rainfall flooding should also be examined for its potential
impact on a hurricane shelter up to 48 hours after a hurricane‟s impacts are expected to occur. A
time of 48 hours is considered because it is a reasonable length of time for hurricane conditions
to abate and long enough to allow for a secondary evacuation to more permanent shelter if
needed. The following steps should be taken to perform the analysis for rainfall flooding:
Obtain Flood Insurance Rate Map (FIRM) for study area
Obtain Flood Insurance Study (FIS) for study area
Determine hydraulic characteristics from FIS
Determine historic rain rates
Determine current hydraulic characteristics
Obtain information from approaching storm
Analyze expected rainfall flooding for storm information
3.3.1 FIRM
A FIRM should be obtained for the study area. As detailed in Section 2.7, the FIRM
contains zones corresponding to different flood return periods. Areas outside of the 500 year
floodplain only need to be considered under special circumstances determined by local
emergency planners. These circumstances could include essential facilities, low probability/high
risk failures (flood protection measures), and sheet flooding.
3.3.2 FIS and Hydraulic Characteristics
When a study area has been determined, the FIS for that area should be obtained. Once
the FIS is obtained, the following information can be collected for the study area:
Flood channels and drainage areas
Drainage characteristics
Drainage rates (slow, medium, high)
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Historic flood problems
Flood protection (if any)
The various flood channels and drainage basins contained in a FIS can range from very large
(drainage basin area greater than FIS area) to very small (drainage basin area less than 0.5 square
miles). Depending on the scope of the study area, care should be taken to include the correct
drainage channels and their corresponding drainage basins. The FIS will also contain drainage
characteristics for the study area. These characteristics include terrain type, topography and
sudden elevation changes, barriers to overland flow (highways, railroads, etc), and how fast areas
typically drain.
Attention should also be given to historic flood sources and problems listed in the FIS.
Typically these problems are recurring in nature, and the FIS will note whether any mitigation
efforts have been undertaken to alleviate the problem. The FIS will also contain flood protection
measures in the study area. These protective measures can be in many different forms, including
levees, floodgates, pumps, and large-scale drainage improvements (new canals, spillways, etc).
Once the study area and characteristics have been determined, the flood study type for
individual drainage basins should be investigated. If flood elevations were determined using
historic hydrograph data, conclusions cannot be made based on rainfall rates and return periods.
Typically hydrograph studies are used for drainage channels with very large drainage basins. For
smaller drainage basins, the analysis method used to calculate flooding will be given, as well as
the rainfall durations and return periods that were used for the study.
There are two ways in which flood results are presented in the FIS. First, peak discharges
for drainage channels are provided at the end of the channel and are sometimes provided for
various points along the channel. Discharges are provided for 10-, 50-, 100-, and 500-year return
periods. The second way in which results are presented is in the form of flood profiles. The flood
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profile shows a cross-section of a flood channel as well as landmarks within the floodplain for
that channel. Flood elevations are graphed within the floodplain, and flood elevations at the
provided landmarks can be determined for different flood return periods. Figure 3.14 shows an
example of a flood profile.

Figure 3.14 Sample Flood Profile
When determining flood hazard, it is important to consider the time of concentration (tc).
The time of concentration is defined as the time that it takes for water at the farthest point of a
drainage basin to reach the drainage outlet. The longer the time of concentration, the longer it
takes to reach peak discharge, which corresponds to peak flooding. There are many ways in
which time of concentration can be determined. All methods take into account the size of the
drainage basin, the mean slope of the longest drainage path within the basin, and the surface type
within the drainage basin. Time of concentration can be determined in both a planning phase and
in real time. For the planning phase, the Equation 3.29 should be used.
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I

tc
i 1

li
vi

(3.29)

where i is an increment of particular surface type and slope, l is the length of the increment
(feet), and v is the velocity (feet/second) for the corresponding surface type and slope.
tc

0.94 L0.6 n 0.6
i 0.6 S 0.3

(3.30)

where L is the length of the drainage path (feet), n is Manning‟s roughness coefficient, i is the
rain rate (inches/hour), and S is the slope (feet/feet) along the drainage path. Manning‟s
roughness coefficient can be found for the various drainage basins in the FIS.
Using time of concentration, sheltering can be considered with regard to rainfall flooding.
The time of concentration can indicate the time period before the onset of flooding. Short time of
concentration indicates possible fast onset of flooding. Depending on the extent and depth of
flooding, this may cause areas to not be considered for sheltering. However, time of
concentration much longer than expected length of hurricane conditions (greater than 48 hours)
may allow sheltering for hurricane conditions.
3.3.3 Rain Rate
To determine expected rainfall flooding, historic rain rates must be investigated. Rain
rates for varying return periods are readily available in the form of a rainfall frequency atlas
(NWS Technical Report No 40). Rain rates can be obtained for durations of 30 minutes to 24
hours and return periods of 1 to 100 years. Rain rates are mapped as rain contours over the
continental United States. Once these rain rates are obtained, they can be compared to expected
rain from an approaching storm.
3.3.4 Expected Rainfall Flooding
Expected rainfall from an approaching storm can be difficult to predict. As outlined in
Section 2.2.2 and 2.6.3 there are approximate and more detailed methods for determining
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rainfall. Unfortunately, rainfall prediction is not always available. Potential rainfall is usually
stated in public advisories, or if a storm is expected to have particularly intense rainfall, this may
be emphasized in the forecast. However, this information is often of limited value because
rainfall is grouped into large ranges and no information is given on spatial distribution.
The TRaP model outlined in Section 2.6.3 provides a way in which the spatial
distribution of rainfall can be estimated. Twenty-four hour rainfall is presented graphically over
the entire area impacted by a storm, including inland locations. An average hourly rain rate over
the 24 hour period can also be determined. In lieu of this information being provided the
approximate method, Knot‟s rule from Section 2.2.2, must be used.
There is currently not enough forecast information available to determine probabilistic
rainfall. There are two ways in which this could be accomplished. Knot‟s rule of thumb could be
used, and the translation speed of the storm would be a probabilistic distribution based on
historic errors with regards to translation speeds. For a rainfall model such as the TRaP model,
rainfall is forecast in a spatial distribution. For a point location, this information could be used
and combined with historic landfall error. The forecast rainfall distribution could be correlated
with the forecast hurricane landfall position in a similar manner as the forecast wind field
correlation as discussed in 3.1.4.1.
3.4 Quantification of Risk
When hazard information is determined, it can be combined with data to determine risks
to structures and populations. By combining the hazard and vulnerability data, an overall risk can
be obtained. Once risk is determined, decisions can be made on whether to evacuate or shelter.
3.4.1 Conditional Probabilities
When determining the risk for a particular hurricane hazard (high winds, surge and
rainfall flooding), conditional probability must be taken into consideration. This is because
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vulnerabilities are directly related to hazard occurrence. Because there is no vulnerability without
the hazard potential, the two items are statistically dependent on one another. The most common
expression for conditional probability is as follows:
P ( AB )
P( B)

P( A | B)

(3.31)

where P(AB) is the probability of both A and B occurring. This expression can be interpreted as
the probability of A given the occurrence of some event B. For example, A could be structural
damage and B could be hurricane occurrence. This simple expression is difficult to evaluate
since P(AB) is initially unknown. However, this concept can be addressed by utilizing the Total
Probability Theorem.
The Total Probability Theorem states that
n

P( A)

(3.32)

P( A | Bi ) P( Bi )
i 1

P(A) is the probability of A, P(A|Bi) is the probability of A given Bi, and P(Bi) is the probability
of Bi. A would represent a risk and B would represent a hazard. In order to use the Theorem, Bi
must be mutually exclusive, that is they cannot occur simultaneously. By Equation 3.32, the total
probability can be considered the weighted average of individual probabilities.
If desired, Equation 3.32 could be taken one step further and be integrated over the entire
hazard distribution (x2).

f x1 ( x1 )

f x1| x2 ( x1 | x2 ) f x2 ( x2 )dx 2

(3.33)

This concept can be applied if distribution information for both terms is known.
The expression for conditional probability yields the same result as taking the expected
damage from a given hurricane. Equation 3.34 gives this expression.
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E[ D]

D(hi ) f (hi )dhi

(3.34)

In this expression, hi is the hurricane hazard i, such as wind speed or depth of flooding.
D(hi) is the cumulative density function for vulnerability and f(hi) is the hazard probability
density function. The challenge in the use of this expression is in the fact that the distributions of
the hazard and/or the fragility function may not be known. To resolve this, the expression can be
modified such that
n

E[ D]

Di p(h) i

(3.35)

i 1

Here, Di is the expected damage at hazard level i and p(h)i is the discrete probability of
occurrence of hazard level i. This expression is summed over all values i to obtain an
approximation of the overall expected damage. This approximation is another form of Equation
3.32 and is useful for hazards in which there is limited data.
3.4.2 Wind
For hurricane wind, the wind speeds determined in Section 3.1.4.1 will be used to
estimate structural losses. These estimates will then be used to determine relative hazard to lifesafety from wind. Because they are currently the most excepted method available, curves found
in HAZUS literature will be used. Unless a specific building type is specified, curves for the
study area‟s typical residential construction will be used.
Care should be taken when selecting the proper damage curves from HAZUS. There are
many different curves for residential structures that vary according to specific criteria. These
criteria are: number of stories (one or two), garage present, roof type (hip or gable), sheathing
type, roof to wall connection, window shutters present, an upgraded roof, and terrain roughness.
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If needed, multiple curves could be examined, such as curves for both a typical gable and hip
roof home. The number of curves used should be limited in order to keep the process simple.
An important component of obtaining the proper damage curve from HAZUS is the
proper selection of surface roughness length, zo. The roughness length takes into account the
height, frontal area, and ground area of obstructions which can interact with the wind
environment. Equation 3.36 (ASCE 2005) provides an estimate of surface roughness length.
S ob
(3.36)
Aob
Hob is the average height of roughness elements in the upwind direction, Sob is the average frontal
zo

0.5H ob

area of the obstructions, and Aob is the average ground area of each obstruction including the
surrounding open area. For building damage curves, HAZUS uses surface roughness lengths of
0.03 (0.10), 0.15 (0.49), 0.35 (1.15), 0.70 (2.30), and 1.00 (3.28) meters (feet).
It is impractical to calculate surface roughness lengths for multiple locations in a timely
manner. These roughness lengths can be adapted to categories in use in literature and practice.
ASCE (2005) utilizes exposure categories which group surface roughness lengths together.
Exposure B is defined as urban/suburban areas or heavily wooded areas. Exposure C is defined
as open terrain with scattered obstructions. Table 3.9 provides the ranges of surface roughness
length used for Exposure B and C.
Table 3.9 zo ranges for ASCE Exposure Categories

Exposure Category
B
C

zo, m (ft)
minimum
maximum
0.15 (0.49)
0.7 (2.3)
0.01 (0.033) 0.15 (0.49)

Table 3.10 provides relations between zo used in HAZUS with exposure categories. By using the
relationships in Table 3.10, a visual inspection of the study area or aerial photos can be sufficient
to estimate the surface roughness length used to select the proper damage curve.
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Table 3.10 Relation between HAZUS zo and ASCE Exposure Categories
zo
0.03
0.15
0.35
0.7
1.0

Exposure (description)
C (flat, open terrain)
C (scattered obstructions)
B (light suburban)
B (dense suburban, light urban)
B (dense urban)

When potential wind speeds are determined, speeds must be in terms of 3-second gusts.
Once curves are selected for use and a wind speed is determined, the wind speed cannot be
directly applied to the curve as a deterministic value. This is because the wind speed being used
has a specific probability of occurring based on the approaching hurricanes track and intensity.
Because of this, the probability of exceedance of a particular HAZUS damage state is based on a
probabilistic wind speed.
3.4.2.1 Wind Life Safety
HAZUS damage states reported in table 2.5 will be used as a proxy for relative life-safety
risks. This will be based on the expected level of damage to inhabited structures. A minimal level
of expected damage would indicate low risk while a high level of expected damage would
indicate high risk. Since HAZUS damage states are provided in terms of exceeding a particular
level of damage, a cutoff must be selected over which the next level of risk to life-safety is
obtained. When the probability of exceeding a damage state is 50% or higher, the next damage
state will be considered for life-safety with respect to hurricane winds. When referring to Section
2.8.1, there are several reasons why Damage States 3 and 4 are indicative of risk to life safety. In
Damage State 3, roof deck is beginning to fail and window and door failures are initiated. In
Damage State 4 roof and wall structure failures occur. These failure expose habitants of the
structure to the hurricane hazards. Table 3.11 shows life-safety risks and the corresponding
HAZUS damage states.
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Table 3.11 Life-safety Corresponding to HAZUS Damage States
HAZUS Damage
State
0
1
2
3
4

Risk
None
Low
Low/Medium
Medium/High
High

3.4.3 Flood
Structural vulnerability for flood will be examined in a similar manner to wind. Flood
hazard will be quantified and structural losses will be quantified. Because of the limited data
available on specific flood damage functions, structural vulnerability will be defined mainly in
terms of structural collapse potential and relative wave hazard. Structural collapse will be used to
determine structural vulnerability. Table 3.12 shows criteria for structural collapse (NIBS 2005).
Table 3.12 Depth and Velocity Collapse Potential (NIBS 2005)
High Collapse Potential
Material

Stories

DT,
ft

VT,
fps

V<2 fps

V<VT,
D<DT

V<VT,
D≥DT

V≥VT collapse condition

Wood
Wood
Wood
Wood
Masonry/
Concrete
Masonry/
Concrete
Masonry/
Concrete
Masonry/
Concrete
Steel

1
2
3
4+

10
15
20
-

5.34
4.34
3.75
-

No
No
No
No

No
No
No
No

Yes
Yes
Yes
No

D>268.38V-1.9642
D>268.38V-1.9643
D>268.38V-1.9644
no collapse

1

-

6.31

No

No

-

D>525.09V-2.0406

2

-

7.47

No

No

-

D>1210.6V-1.9511

3

-

9.02

No

No

-

D>-4.8864V+69.086

4+

-

-

No

No

-

no collapse

1

-

5.4

No

No

-

D>0.3125V2-6.6875+39.125

Steel

2

-

5.4

No

No

-

D>0.5808V2-12.595+74.859

Steel

3

-

5.4

No

No

-

D>0.7737V2-17.112+104.89

Steel

4+

-

-

No

No

-

no collapse
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In Table 3.12, DT is the depth threshold in feet and VT is the Velocity Threshold in feet/second.
These values are provided to related velocity and depth conditions to collapse potential. For
wood structures there are collapse criteria dealing with depth threshold. Otherwise, all collapse
potentials are related to depth, D, with reference to flood velocity, V.
3.4.3.1 Flood Life Safety
After potential flooding has been determined, it can be combined with first generation
flood-fatality models (Jonkman 2007). Both storm surge and rainfall flooding can be applied to
the fatality models based on the flooding mode. To determine the mode of flooding, floodwater
must be categorized based on the following characteristics: rise rate w, flow velocity v, and flood
depth h.
To select the correct fatality curve, flooding must be characterized as either rapid-rise or
inundation flooding. For rapid-rise flooding, the following criteria should be met: w ≥ 1.64 ft/hr
(0.5 m/hr) and v ≤ 6.56 ft/s (2 m/s). For inundation flooding, rise is the key parameter, and w ≤
1.64 ft/hr (0.5 m/hr). Jonkman also provides guidance on when fatalities are essentially 100
percent. This occurs when the product of floodwater depth and velocity, hv, exceed 75 ft2/s (7
m2/s). To determine flood velocity, the simple relationships outlines in Section 2.8.2.1 will be
used.
Figures 3.15 and 3.16 show curves for rapid-rise and inundation flooding. Figure 3.17
shows the flood fatality curve from Boyd et al. (2005). Boyd‟s curve considers all modes of
flooding, and is based on depth only. As can be seen, rapid-rise flooding presents a much higher
risk to life safety than does innundation flooding. This is primarily because there is more time to
retreat from floodwaters in innundation flooding, whether vertically or to another area. It is to be
expected that most storm surge flooding will be rapid-rise, while rainfall flooding away from
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drainage channels is innundation-type flooding. Figure 3.18 compares the three curves at the
lower range to provide a better view of fatality rates.

Figure 3.15 Fatality Curve for Rapid-Rise Flooding (after Jonkman, 2007)

Figure 3.16 Fatality Curve for Innundation Flooding (after Jonkman 2007)
90

Figure 3.17 Flood Fatality Curve (after Boyd et al. 2005)

Figure 3.18 Flood Fatality Curves at Lower Flood Depths
When the proper flood mode and curve has been determined for a particular area, this
information should be used to determine potential fatalities. While fatalities are not an acceptable
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outcome of a decision, this information can aid in determining which areas to evacuate and
which areas to shelter initially.
Because of the way in which flooding was determined, especially storm surge flooding,
there will likely be a range of predicted fatalities.
3.5 Shelter and Evacuation Recommendation Process
Once probable damage and loss has been determine, the risk from an approaching storm
can be used to make decisions with regard to evacuation and sheltering. Each individual hazard
will be examined separately for the evacuation/sheltering decision process. Within each hazard
examination, there will be a threshold for which an evacuation decision will be triggered. If this
threshold is not reached within each analysis, then the three hazards will be combined to make an
overall decision based on the combination of hazards.
3.5.1 High Winds Recommendation Process
The vulnerability of an individual person to wind is very difficult to quantify, and most
fatalities occur in situations where individuals are exposed to the elements. The
evacuation/sheltering decision recommendation will be made based on risk for structural damage
as outlined in Section 3.4.2.1. An assumed acceptable level of relative risk will be determined,
and this level will be used in the evacuation/shelter recommendation for high winds. Many
different factors must be examined. The expected level of damage will be examined and
considered for life safety as well as habitability after the storm. The use of the structure, as well
as the make-up of its residents, will be considered. While all damage states will be examined,
Damage States 2 and higher will most influence the recommendation. Figure 3.19 shows this
decision process. No evacuation/shelter consideration will be made with regard to hurricaneinduced tornadoes. For a hurricane-induced tornado, there are no detailed recommendations to
make. Hurricane tornado occurrence is difficult to predict, and warning times are very short.
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Because of the low occurrence and short warning time, the general recommendation is to shelter
in place for hurricane tornadoes.

Input High Wind
Hazard

Determine Probable
Damage for D1-D4

Yes

Structure safe
and habitable

No

Recommend Shelter in
Place for High Winds

Recommend
Evacuation

Figure 3.19 Decision Tree for High Wind Hazard
3.5.2 Rainfall Flooding Recommendation Process
As discussed in Section 3.3, rainfall flooding may be difficult to predict. The primary
factor to be considered will be the time until onset of flooding. This, combined with the expected
depth of flooding, will drive the evacuation/shelter decision recommendation. The expected
onset of flooding will be examined to determine sheltering options. However, there is no
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individual “trigger point” for evacuation from rainfall flooding alone. Instead, this must be
looked at with storm surge flooding before the decision can potentially be made.
3.5.3 Storm Surge Flooding Recommendation Process
For storm surge flooding, it is difficult to make recommendations outside of the 72 hour
from landfall window. Figure 3.20 shows the storm surge process.

Psurge
available?

Yes

Determine expected
surge heights

No
Determine expected
wave heights
Refer to SLOSH
MEOW surge suite
Potential Flood (go to
Figure 3.21)

Determine potential
surge hazard for
speed and direction

Monitor and Prepare
for Decision

Figure 3.20 Storm Surge Evaluation Timeline
For forecast in which P-surge is not available, SLOSH MEOW flooding must be used. While the
MEOW flooding provides an estimate of potential flooding, it may be overly conservative due to
the parallel tracks used to determine the flood level. The approaching storm‟s forecast track may
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be significantly different than the individual parallel track which controlled the maximum flood
level for the suite of parallel tracks used in the MEOW. Once P-surge is available the complete
analysis can be performed and decisions can be made.
3.5.4 Overall Flooding Recommendation Process
Once both rainfall and storm surge flooding hazards and vulnerabilities have been
determined, the two modes of flooding should be considered at the same time in the decision
process. Figure 3.21 shows the flooding decision process.
Potential Flood
(Rainfall and
Surge)

hv > 75 ft2/s

Yes

Evacuate

Check collapse
potential

No

Input flood
depth

Low

Determine %
Fatalities and
Habitability

Make evacuation/
sheltering
recommendation
Figure 3.21 Decision Tree for Flood Hazard
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High

It is likely that the two flood types will not occur at the same time, so some consideration to
flooding timelines should be considered. Figure 3.21 shows the process for deterimination of the
correct flood fatality curve to used, as well as “trigger points” for evacuation. In Figure 3.21, h is
flood height and v is flood velocity. For fatalities, thresholds of 0.1%, 1%, and 10% will be
examined. It is diffucult to compare these thresholds to “acceptable” fatalities. In the field of
engineering, there are exceptable probabilities of failure for engineered structures, but there are
no exceptable probabilities of death in industry. Instead, environments are either designed or
monitored to be as safe as reanonable possible. For occupational injuries and deaths, there are no
acceptable levels. Instead, a decrease in injury and fatality rates is viewed as acceptable and any
increase is not (OSHA 2009).
3.5.5 Combination of Hazards
When all three hazards have been examined individually, the hazards must be combined
to make the ultimate decision if no trigger point (excessive risk or predicted fatalities) has been
reached on the individual hazards. Because of the differences which exist in risks from each
hazard, a simple number cannot be determined at the end of the analysis for which a decision can
be made. Instead, consequences of the risks from all the hazards must all be considered.
When considering evacuation, the risks will differ depending on the makeup of the
population evacuating. Some portions of the population (sick, elderly) are more vulnerable to
injury in evacuation than other portions of the population. All portions of the population are at
risk to traffic accidents, as discussed in Section 2.9.3. Although this risk does exist, it is low,
even for long distances travelled, it should be considered. The economic cost should also be
considered for evacuation, but only as a secondary consideration.
The habitability of the structure must be considered when determining whether to shelter
in place or evacuate. While a foot of water in the structure may not be a high risk to life safety, it
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may cause the structure to be uninhabitable depending on the ability to mitigate or repair the
potential water damage. The potential contribution to damage from all hazards must be
considered to determine habitability.
3.5.6 Limitations and Other Items to Consider
There are other items to be considered for evacuation and sheltering which can only be
minimally quantified. Many of these items will be community specific. These include the ability
to restore power and other utilities, respond to medical emergencies, or clear roadways of debris.
The local infrastructure must also be considered. The local infrastructure will dictate whether
community access routes will be cut off.
An individual facility will also have characteristics which should be determined. For
critical facilities, the availability of staff and supplies, as well as the makeup of the facility
residents, must be considered. Transportation needs and an adequate evacuation destination
should also be considered. Once these items, as well as life safety and habitability issues, are
considered, a recommendation can be made on evacuation and/or sheltering.
The methods presented in this chapter are applicable to a single structure or a geographic
region of varying size which has similar characteristics across the entire area. For larger areas
which have different characteristics, such as elevation and flooding, the larger area should be
broken up into smaller portions. The smaller portions, which contain unique characteristics,
would be examined individually using the methodology. Once each individual portion is
examined, decisions could be recommended for each portion, or the portions could be combined
and recommendations could be made for the larger area.
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CHAPTER 4. APPLICATION OF METHODOLOGY
A case study will be performed to assess the appropriateness of the methodology outlined
in Chapter 3. The case study will be for the city of Franklin, Louisiana, and Hurricane Gustav
will be used as an example storm. A sample structure will be chosen to represent the housing
stock of Franklin. The characteristics of this structure will be used to determine risks to the
general population from wind. Risks will also be determined for storm surge and rainfall
flooding.
Franklin was chosen due to its geographic location in coastal Louisiana. Franklin is close
enough to the Gulf of Mexico that storm surge flooding must be considered. Additionally,
Franklin‟s population is large enough to warrant the type of study proposed. Hurricane Gustav
was chosen as many of the proposed tools rely on current forecasting methods that are not
available for older storms. Gustav‟s intensity while in the Gulf of Mexico was also strong
enough to warrant a decision on evacuation and sheltering.
Each risk to Franklin from Hurricane Gustav will be calculated and discussed in the
manner outlined in Chapter 3. Additionally, the analysis will be presented as it would be in realtime. Preliminary data will be gathered and presented, followed by Hurricane Gustav data in a
projected time until landfall format. The application is intended to demonstrate the feasibility of
the methodology, and no comparisons or conclusions will be made on actual recommendations
which occurred during Gustav.
4.1 Franklin Characteristics
The city of Franklin is the parish seat of St. Mary Parish and is located in Southern
Louisiana near West Cote Blanche Bay. The city center is located at approximately 29.7917° N,
91.5083° W and the city limits contain approximately ten square miles. The population of
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Franklin was 8,354 in 2000 as reported in the US census. Figure 4.1 shows Franklin with relation
to Southern Louisiana. Figure 4.2 shows an aerial view of Franklin.

Figure 4.1 Franklin, Louisiana (LA.gov)

Figure 4.2 Aerial view of Franklin (Google 2008)
4.1.1 Franklin Residential Housing Stock and HAZUS curves
A representative structure was chosen to model all residential housing in Franklin. This
structure was based on both building stock data in the HAZUS software as well as personal
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judgment. The typical residential home in Franklin is a single story with no attached garage
based on building census data contained in HAZUS. Homes are both unreinforced masonry and
wood frame with sheathing. Unreinforced masonry was chosen to model a typical residence.
Slightly more missile protection is available, but otherwise the two structures are very similar. A
gable-end roof configuration was chosen because 80% of homes in Franklin exhibit this roof
configuration (NIBS 2005). Typical roof nailing patterns are 6d nails at 6 ½ inches on center.
The roof-to-wall connection is typically strapped connections as opposed to toenails. The typical
residence was considered as having no shutters. This may be slightly conservative but reflects
the fact that few homes have permanent shutters and it is unknown as to whether adequate
temporary shutters will always be installed prior to a hurricane making landfall. A roughness
coefficient of 0.35 meters, which corresponds to light suburban terrain, was chosen based on the
terrain in and surrounding Franklin. Figure 4.3 shows the HAZUS damage curves for the typical
residential structure in Franklin.

Figure 4.3 Damage States for Typical Residential Structure in Franklin (NIBS, 2005)
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4.1.2 Yearly Hurricane Probability
It is useful to know the probability of a storm impacting Franklin in any given year. The
studies by Keim et al (2007) and Landsea (2008) will be used as described in Section 2.5. For
Keim‟s study, the nearest location to Franklin that was examined was Morgan City, Louisiana.
Morgan City is approximately twenty miles to the east of Franklin. Table 4.1 shows annual
probabilities (%) of Franklin experiencing tropical cyclones of different strengths. It should be
noted that these probabilities are for experiencing the relative effects of a particular tropical
cyclone magnitude, not a direct strike. As can be seen, there is a significant probability that
Franklin will experience a named tropical cyclone in any given year.
Table 4.1 Annual Probabilities (%) for Tropical Cyclones Affecting Franklin Louisiana
Storm Intensity
All Named Storms
Hurricane (Any Category)
Major hurricane (≥ Category 3)

Keim
33
19
4

Landsea
38
10
2

Potential decayed wind speeds from various hurricane categories were determined using
the decay model outlined in Section 3.1.2. Table 4.2 shows potential wind speeds based on
category and translation speed. This is based on a potential storm approaching from the
Southwest and moving to the Northeast. From this direction, the distance between Franklin and
open water is 15 miles. Values given are sustained wind speeds over open exposure.
Table 4.2 Inland Decayed Sustained Wind Speeds (mph) for Franklin
Storm Category
V at Landfall
(1 min)
TS
39
1
74
2
95
3
110
4
131
5
155

Forward Translation (mph)
5
20
44
58
69
83
99

10
27
54
71
83
99
118

15
30
58
76
88
105
125
101

20
31
60
78
91
108
129

25
32
61
80
93
110
131

30
33
62
81
94
112
132

4.1.3 Franklin Storm Surge
Because of Franklin‟s proximity to the Gulf of Mexico, storm surge flooding is a
significant hazard. As outlined in 3.2.2, surge can be examined in a planning phase as well as a
real-time operational phase. To determine potential storm surges, elevations must be determined.
There are two ways in which elevations can be obtained. In general, topographic maps from
USGS provide a good guide to elevation contours. These elevations are grouped into ranges,
such as ten feet between contours. For point locations, DEMs can provide more specific
elevations. If LIDAR information is available, it can contain very detailed elevation information.
For the city of Franklin, the majority of the area‟s elevations can be divided into three
sections: less than five feet, between five and ten feet, and greater than ten feet. Figure 4.4 shows
a topographic map of Franklin. Elevations are in NAVD88.

5 ft contour

0 ft contour

Figure 4.4 Topographic Map of Franklin (USGS 2005)
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The majority of Franklin lies between five and ten feet, with areas less than five feet to
the South and the West, with areas greater than ten feet along the natural ridge which follows
Bayou Teche. The topographic map contains elevation contours at 5 foot intervals, with the 0
foot contour on the edge of the marsh, the 5 foot contour between the marsh and Franklin, and
the 10 foot contour in Franklin along Bayou Teche.
To determine the relative storm surge hazards at long-range forecasts, SLOSH (package
1.45) MEOW scenarios were run for storms at nine translation directions and all five hurricane
categories, for a total of 45 individual runs. A 15 mph forward translation speed was used, and
high tide was assumed. Figure 4.5 is an individual output for a Category 2 storm moving ENE.
The probe flag for Franklin and the parallel tracks are also noted.

Parallel Tracks

Figure 4.5 SLOSH MEOW output for Franklin for Category 2 Hurricane on ENE Track
The probe flag denotes the location of Franklin. While the value on the probe is given as
10 feet, this is elevation above mean sea level. The elevation of Franklin must be subtracted from
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this value to obtain a flood height above ground elevation. As was stated, an elevation of 5 feet
will be used for Franklin. While the elevation data for Franklin was in NAVD88, the output from
the SLOSH model was in NGVD 1929. The elevations must be converted as discussed in Section
3.2.1. For Franklin, there is essentially no difference between the two datums. When comparing
elevations, the two datums are within 0.01 feet of each other. Because this difference is less than
the accuracy of the surge data, it will be assumed elevations in the two datums are equal.
Therefore, the resulting predicted flooding is 5 feet. This corresponds to medium relative hazard
as outlined in Section 3.2.3. It should also be noted that this surge flood height is not for a single
storm, but is instead the worst flood condition for many parallel track storms which have the
same characteristics. Table 4.3 shows surge flood depths in Franklin for all hurricane categories
and directions with a 15 mph forward translation speed and assuming high tide. These surge
flood depths are based on SLOSH MEOW surge elevation data and converted to depth over
ground by subtracting the 5 ft ground elevation.
Table 4.3 MEOW Flood Depths (ft) in Franklin for Storms at 15 MPH Forward Speed and High
Tide

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY

Hurricane Category
2
3
4
2.1
9.0
14.5
2.4
9.4
13.9
3.8
10.3
15.4
5.0
10.7
15.7
2.6
9.7
13.4
DRY
5.0
10.5
DRY
5.6
9.9
DRY
2.5
7.5
DRY
DRY
3.0

5
18.4
17.6
19.1
19.1
17.6
14.2
14.1
10.6
6.0

When analyzing the MEOW data for possible storm surges, it is apparent that Franklin is
most susceptible to storm surge from hurricanes which are tracking in between due north and due
east, especially for weaker storms. This is also apparent when viewing the local geography.
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When in the planning phase, it is assumed that surge will occur at high tide, as a conservative
assumption. Elevation in Franklin will be taken as five feet, which is an adequate minimum
elevation for areas within the city limits of Franklin, with the exception of those areas South of
US Hwy 90. This would not be adequate for areas to the South and West of Franklin. Table 4.4
shows the relative storm surge hazards for Franklin from surge flood depths in Table 4.3. Note
that as a result of Franklin‟s location near West Cote Blanche bay, small shifts in hurricane
direction and landfall have a large impact on the severity of surge flooding. Surge hazard
analyses were conducted for the three forward speeds available in SLOSH (5, 15, and 25 mph)
and at both mean and high tide. This full set up results is shown in Appendix C. (This appendix
will have depth table like above and hazard table below for each combo.
Table 4.4 Relative Surge Flood Hazard for Franklin Louisiana for Landfall at High Tide and 15
MPH Forward Speed of Hurricane from SLSOH MEOW

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1

Hurricane Category
2
3
4

5

Key
Flood Depth
d < 1 ft
1 ft < d < 3 ft
d > 3 ft

Minimum Hazard
Medium Hazard
High Hazard
4.1.4 Franklin Rainfall Flood Information

There are two drainage channels which can contribute to flooding in Franklin. Bayou
Teche runs through the eastern portion of Franklin. Yokely Bayou is the main drainage channel
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for Franklin, with a drainage area of 15.9 square miles, and is the main flood source. Drainage
water from Yokely Bayou is pumped into Franklin Canal. Because of drainage improvements
riverine flooding in Franklin has been virtually eliminated, and remaining flood threats are
caused by coastal storm surge flooding (FEMA 1992). The historic 24 hour rainfall is 11.5
inches for the 50 yr return period and 12.5 inches for the 100 yr period (NWS Tech Report 40).
4.1.5 Fetch
To the North, South and West of Franklin there is essentially no fetch for wind-driven
waves to develop due to the location of forested areas. A short fetch of roughly 3000 feet exists
to the East of Franklin. Therefore, significant wave development will be limited to development
in this area only in the along-wind direction. These wave heights are determined using the
analysis techniques presented in Section 3.2.4.2. Wave heights calculated should not exceed
depth-limited heights presented in Section 3.2.4.2.
4.2 Evacuation and Shelter Decision Analysis and Recommendations for Hurricane Gustav
The first official landfall forecast for Hurricane Gustav was made on August 28, 2008, at
11 am Eastern Time, and is shown in Figure 4.6.

Figure 4.6 Hurricane Gustav First Landfall Forecast (NHC 2008a)
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At this time Gustav was located at coordinates 15.8N 70.5W in the Caribbean Sea. At the 120
hour forecast, the storm was forecast to be just off the Northern coast of Cuba. The first forecast
landfall for Gustav on the U.S. Coast was issued on August 28 at 11 pm eastern time in NHC
Advisory 15. At this time the center of Gustav was located over Jamaica.
4.3 Forecast 120 Hours until Landfall
For NHC Advisory 15, the center of Gustav at 120 hours was forecast to be almost
directly over Franklin. However, at this long forecast period, landfall forecast errors are large.
The center of Gustav was located 1280 miles from Franklin. Based on the forecast landfall error
determined in Section 3.1.3, the mean error is 187.6 miles and standard deviation is 148.6 miles.
Because the forecast was at long range, no wind radii were available. This mean and standard
deviation was used in Equation 3.11. The limits of the integral were set at D1 and D2, which
were taken as 60 miles on either side of Franklin. Here 60 miles is considered to be the extent of
hurricane force winds. Using this methodology, there was a 22.4% probability of Franklin
experiencing at least minimum hurricane conditions from Gustav. This is an initial calculation of
the potential for hurricane landfall. The probabilistic wind hazard from Gustav will be more
directly calculated as outlined in 3.1.4.1 and Appendix A.
4.3.1 Hazards at 120 Hours until Landfall
Gustav was forecast to pass over Franklin on a Northwestern track. The projected
maximum sustained winds at landfall were 100 knots, or Category 3 strength. Initially, a
Category 3 storm on a Northwest track could potentially produce significant storm surge
flooding for Franklin. This potential is based on the SLOSH MEOW data which is discussed in
Table 4.4 and in Appendix C. It should be noted that this is not specific to Gustav’s specific
track, but is instead the worst possible SLOSH flood scenario from many parallel hurricane
tracks near Franklin for the specified criteria. SLOSH MEOW flooding may be a conservative
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estimate as discussed in 3.5.4. The same Category 3 storm with a slower translation speed could
produce more significant surge flooding.
Gustav was located 1280 miles from forecast landfall at the 120 hour forecast. By
determining the distance between the last two forecast points (27.0°N, 89.0°W and 29.5°N,
91.0°W) using Equation 3.4, and the forecast time between landfall (24 hours), a translation of 8
mph at landfall can be approximated. Using Table 4.2 with 8 miles per hour translation speed,
winds in Franklin could be expected to be 77 miles per hour sustained. This is determined by
taking the forecast hurricane category and translation speed and referencing Table 4.2. By using
a translation speed of 8 mph for a Category 3 storm, and interpolating between the values for 5
mph and 10 mph translation, a speed of 77 mph is obtained. This speed is just an initial potential
speed based on the forecast. Individual wind probabilities for Franklin from Hurricane Gustav
are also determined. These wind speeds were based on historic spatial landfall error as well as
intensity error. Refer to Appendix A for an example of wind speed probability calculations. As
can be seen, the distribution is skewed to the right, which in part indicates the large uncertainties
which exist at the 120 hour forecast.
Figure 4.7 shows wind speed probabilities for Franklin at the 120 hour forecast period.

Figure 4.7 Wind Speed Probabilities for Franklin Based on Advisory 15
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Table 4.5 shows the probability of exceeding the effects (wind speed) for each tropical
cyclone strength. These probabilities are for Franklin.
Table 4.5. Probability (%) of Experiencing at Least Storm Classifications for Franklin Based on
Hurricane Gustav Advisory 15
120 hours
Adv 15
48
18.8
7.8
3.7
1.1
0.2

Storm Category
Tropical Storm
Category 1
Category 2
Category 3
Category 4
Category 5

Table 4.6 shows the NHC forecast probabilities for Gustav obtaining each tropical
cyclone strength, as well as the probability of Gustav dissapating. For this advisory, landfall is at
the 120 hour time period.
Table 4.6 NHC Wind Speed Probability Table for Advisory 15
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When comparing probabilites in Tables 4.5 and 4.6, probabilities for Franklin to experience
hurricane conditions are significantly lower than the 120 hour forecast values from the National
Hurrican Center. This is because Table 4.5 only refers to the geographic point of Franklin, while
Table 4.6 considers Gustav obtaining each strength at any location.
At the 120 hour forecasting period, no detailed rainfall estimation can be made. Using
Knot’s rule of thumb, 14 inches of rainfall over a 24 hour period could occur. It should be noted
that this estimation has no spatial variance. Because of the lack of rainfall flood potential in
Franklin, rainfall flooding is a minimal hazard.
At the 120 hour forecasting period, no detailed rainfall estimation can be made. Using
Knot’s rule of thumb from Section 2.2.2, 14 inches of rainfall over a 24 hour period could occur.
It should be noted that this estimation has no spatial variance. Because of the lack of rainfall
flood potential in Franklin, rainfall flooding is a minimal hazard.
4.3.2 Vulnerabilities at 120 Hours until Landfall
Vulnerability is difficult to determine at the 120 hour forecast period. For flooding, both
rainfall and storm surge, only approximations can be made. For storm surge flooding, there is a
potential high hazard based on forecast track and intensity, but the storm is too far from landfall
to determine more detailed vulnerability. The same can be said for rainfall flooding.
Additionally, this relative hazard does not take into account forecasting errors.
For high wind hazards, winds could potentially be up to 100 mph (and higher but with
much lower probabilities). Based on these wind speeds, there is the potential of experiencing
Damage States 1 and 2, which relate to low and medium risk.
4.3.3 Risks at 120 Hours until Landfall
For this time period, there is enough information available to determine specific risks
from high winds to structural vulnerability, and correlating these structural risks to relative
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occupant risk. These risks as calculated using the methodology presented in Section 3.4.1. For
these structural risks, the expected damage from wind speeds less than 80 mph is essentially
zero. The bulk of the risks come from high wind speeds which have a lower probability of
occurrence. The wind probabilities in Figure 4.7 were combined with the representative damage
state functions in Figure 4.3. Equation 3.35 in Section 3.4.1 was used, and p(h)i was taken as the
discrete probability of wind speeds from i = 1,2…200. Each probability was multiplied by the
corresponding damage function value. These were summed and their totals appear in Table 4.7,
which shows the probability of experiencing at least each damage state.
Table 4.7 also shows the risk and habitability classifications that correlate to each damage
state. These definitions are then multiplied by the damage state probabilities to determine a
resultant risk and habitability. In Table 4.7, Damage State 3 correlated to medium risk and the
structure is not habitable when sustaining damage as defined in Damage State 3. The probability
for obtaining Damage State 3 in the 120 hour forecast is 3.5%. When this low probability is
combined with the defined risk and habitability definitions, the resulting risk is low and the
structure is expected to be habitable.
Table 4.7 Risks from High Winds at 120 Hours

Damage State

Risk

Habitable

1 - Minor Damage
2 - Moderate Damage
3 - Severe Damage
4 - Destruction

Low
Low
Medium
High

Yes
Yes
No
No

Adv
15
22.9
9.9
3.5
1.4

P(%)
Resultant
Risk
Low
Low
Low
Low

Habitable
Yes
Yes
Yes
Yes

For the 120 hour forecast period, there are low probabilities of obtaining each damage
state. While Damage State 1 has the highest probability of occurring, its corresponding occupant
risk is low so overall occupant risk remains low. For Damage States 2 – 4, corresponding
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occupant risk may be higher for each damage state, but because of the low probabilities of these
damage states occurring, occupant risk remains low. It is worth noting that these risks are the
combination of the probability of a hazard occurring and the expected damage or losses from the
hazard occurrence, which is the definition of risk as it was defined in Section 2.1.
Because the flooding hazards and vulnerabilities can only be minimally quantified, risks
from the hazards and vulnerabilities cannot be quantified in a reasonable manner. The potential
relative risks must be considered from each hazard. Table 4.8 shows the three hazards as well as
their corresponding risks and associated actions based on the risks.
Table 4.8 Risks at 120 Hours from Landfall
Hazard Type
High Winds
Rainfall Flooding
Surge Flooding

Risk
Low
High

Action
Monitor
Monitor
Monitor

4.3.4 Decisions at 120 Hours until Landfall
For the 120 hour forecast period there is potentially a high risk from storm surge flooding
and a low risk from high winds, with rainfall flooding being too uncertain to determine. The
potential high risk from storm surge flooding is based on SLOSH MEOW flooding. These values
are maximums for many parallel tracks and may be conservative. The low risk from wind is
based on the probability of obtaining Damage States 3 and 4. These probabilities are 3.5% and
1.4% respectively, and correlate to low risk to life safety. Based on these probabilities the
structure is expected to be habitable after the storm. Because the storm is still far from landfall,
the overall decision recommendation, as well as the individual decision recommendation for
each hazard, is to monitor the storm as outlined by decision processes in Section 3.5. This is
based on the fact that errors and uncertainties in the forecast are too great at such a distance to
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make accurate decisions with the available information. Therefore the recommendation at this
forecast period would be to continue to monitor the storm.
4.4 Forecast 96 Hours until Landfall
For NHC Advisory 19, the center of Hurricane Gustav was forecast to make landfall and
pass to the East of Franklin. At this time, the center of Gustav was 1105 miles from its forecast
landfall point. Figure 4.8 shows the forecast track for Gustav at Advisory 19. Based on historical
landfall error, the probability of Franklin experiencing minimum hurricane conditions was
determined to be 26.2% per method of 4.3.

Figure 4.8 Landfall Forecast Advisory 19 (NHC 2008a)
4.4.1 Hazards at 96 Hours until Landfall
Gustav was forecast to pass over Franklin on a Northwestern track. The projected
maximum sustained winds at landfall were 100 knots, or Category 3 strength, which was very
similar to the 120 hour forecast conditions at landfall. A Category 3 storm on a Northwest track
could potentially produce significant storm surge flooding for Franklin.
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Gustav was located 1105 miles from forecast landfall at the 96 hour forecast, providing
an average translation of 8 miles per hour. Using Table 4.2 with 8 miles per hour translation
speed, winds in Franklin could be expected to be 77 miles per hour sustained. Individual wind
probabilities for Franklin from Gustav were also determined. Figure 4.9 shows wind speed
probabilities for Franklin at the 96 hour forecast period. The probabilities from the 120 hour
forecast are repeated here as well to illustrate changes as the storm and forecast progress. When
compared with Advisory 15, the pdf for Advisory 19 has more mass around the mean, with less
out toward the tail. This results in a higher probability of lower wind speeds and a slightly lower
probability of higher wind speeds occurring.

Figure 4.9 Wind Speed Probabilities for Franklin Based on Advisory 19
Table 4.9 shows the probability of Franklin experiencing each storm category. Because of
the change in the wind probability distribution, the probability of experiencing a tropical storm is
higher, while the probability of experiencing any category hurricane ( 1 – 5) is lower. Table 4.10
shows wind speed probabilities from the NHC. For Advisory 19, landfall was forecast to be at 8
am on Tuesday, which corresponds to the 96 hour column on Table 4.10.
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Table 4.9 Probability (%) of Experiencing at Storm Classifications for Franklin Based on
Hurricane Gustav Advisory 19
120 hrs
Adv 15
55.8
28.1
15.7
9.3
4.0
1.2

Storm Category
Tropical Storm
Category 1
Category 2
Category 3
Category 4
Category 5

96 hrs
Adv 19
56.1
26.0
13.5
7.1
2.8
0.7

Table 4.10 NHC Wind Speed Probability Table for Advisory 19 (NHC 2008a)

At the 96 hour forecasting period, no detailed rainfall estimation can be made. Using
Section 2.2.2, 14 inches of rainfall over a 24 hour period may occur. Note that this estimation has
no spatial variance. Because of the lack of rainfall flood potential in Franklin, rainfall flooding is
a minimal hazard.
4.4.2 Vulnerabilities at 96 Hours until Landfall
As was stated in the 120 hour forecast analysis, vulnerability is difficult to determine at
long forecast periods, which include the 96 hour forecast. For both rainfall and storm surge
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flooding, only approximations can be made. For storm surge flooding, there is still a potential
high hazard based on forecast track and intensity, but the storm is too far from landfall to
determine more detailed vulnerability.
For high wind hazards, winds could potentially be 77 miles per hour sustained, with a
26% probability that Franklin will experience minimal hurricane wind speeds. Based on these
wind speeds, as well as individual wind speed probabilities, and using the model HAZUS curve,
there is the potential of experiencing damage state 1 or 2, which relate to low and medium risk
respectively. Again, because the storm is too far from landfall, no detailed conclusions can be
drawn for vulnerability from high winds.
4.4.3 Risk at 96 Hours until Landfall
For this time period, risks for reaching particular damage states are slightly lower than in
the 120 hour forecast period. For this forecast, the track of Gustav had shifted slightly away from
Franklin, but essentially remains unchanged. While the forecast intensity at landfall remains
unchanged from the previous forecast, slightly more forecast information is available with
regards to the forecast wind field, which results in a more detailed wind field model. Table 4.11
shows the probability of experiencing at least each damage state, as well as the resultant risk and
habitability corresponding to each damage state probability. When reviewing the probabilities
and comparing them to the previous forecast, probabilities of obtaining each damage state are
lower. When viewing the wind speed distribution, the mass of the distribution has shifted lower
when compared to Advisory 15. As was previously stated, the damage accumulated from the
damage functions occur at wind speeds above 80 mph. When comparing the wind speed pdfs for
Advisories 15 and 19 for wind speeds above 80 mph, the probability of obtaining these wind
speeds is lower in Advisory 19. This lower probability causes the risk to be lower at the 96 hour
forecast period.
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Table 4.11 Risks from High Winds at 96 Hours

Damage State

Risk

Habitable

1 - Minor Damage
Low
2 - Moderate Damage
Low
3 - Severe Damage
Medium
4 - Destruction
High

Yes
Yes
No
No

Adv
15
28.9
17.0
8.8
4.5

Adv
19
16.9
6.7
2.1
0.8

P(%)
Resultant
Habitable
Risk
Low
Yes
Low
Yes
Low
Yes
Low
Yes

At this forecast period, the storm is beginning to approach the timelines for which
decisions will be made. However, the hazards and vulnerabilities from flooding can still only be
minimally quantified, and risks from the hazards and vulnerabilities cannot be quantified in a
reasonable manner. The potential relative risks must be considered from each hazard. Table 4.12
shows the three hazards as well as their corresponding risks and associated actions based on the
risks.
Table 4.12 Risks at 96 Hours from Landfall
Hazard Type
High Winds
Rainfall Flooding
Surge Flooding

Risk
Low
High

Action
Monitor
Monitor
Monitor

4.4.4 Decisions at 96 Hours until Landfall
There is potentially a high risk from storm surge flooding and a low risk from high
winds, as well as a low risk from rainfall flooding. Surge flooding risk is unchanged from the
previous forecast. The potential risk is still high, but there is still uncertainty in the forecast.
Probabilities of obtaining wind damage states and the resultant risks are lower than in the
previous forecast. At this forecast period the storm is still far from landfall and the overall
decision recommendation, as well as the individual decision for each hazard, is to monitor the
storm as outlined by decision processes in Section 3.5. This is based primarily on the fact that
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errors and uncertainties in the forecast are too great at such a distance to make accurate decisions
with the available information.
4.5 Forecast 72 Hours until Landfall
For NHC Advisory 22, Gustav was forecast to make landfall slightly to the west of
Franklin on a Northwestern track. At this time, Gustav was located south of Cuba and was 900
miles from forecast landfall. Figure 4.10 shows the forecast track for Advisory 22. Based on
historic landfall error, the probability of experiencing minimum hurricane conditions was 25.2
percent per method used in 4.2.

Figure 4.10 Landfall Forecast Advisory 22 (NHC 2008a)
4.5.1 Hazards at 72 Hours until Landfall
Gustav was forecast to pass approximately 20 miles west of Franklin on a Northwestern
track. The projected maximum sustained winds at landfall were 100 knots, or Category 3
strength. Potentially, a Category 3 storm on a Northwest track with roughly 15 miles per hour
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translation speed could produce storm surge flooding at depths of 5 feet above ground elevation
in large portions of Franklin.
Gustav was located 900 miles from forecast landfall at the 72 hour forecast, and a
translation speed of 12 miles per hour was forecast at landfall. Using Table 4.2 with a 12 mph
translation speed, wind speeds of 85 miles per hour sustained could be expected in Franklin.
Figure 4.11 shows wind speed probabilities for various wind speeds in Franklin for Advisory 22
based on historical landfall and intensity error. When comparing the wind speed probabilities for
Advisory 22 with the previous Advisory, the distribution has shifted slightly up and to the right,
which results in slightly higher probabilities for modestly higher wind speeds, and almost no
change in probability of very high winds speeds greater than about 140 mph.

Figure 4.11 Wind Speed Probabilities for Franklin Based on Advisory 22
Table 4.13 shows the probabilities (%) of Franklin experiencing each storm category for
Advisory 19. Because of the slight shift in the wind probability distribution, probabilities for
each category are slightly higher. Table 4.14 shows wind speed probailities from the NHC. For
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Advisory 22, Gustav was forecast to make landfall at 2 am Tuesday, which corresponds to the 72
hour column.
Table 4.13 Probability (%) of Experiencing Storm Classifications for Franklin Based on
Hurricane Gustav Advisory 22

Storm Category
Tropical Storm
Category 1
Category 2
Category 3
Category 4
Category 5

120 hrs
Adv 15
55.8
28.1
15.7
9.3
4.0
1.2

96 hrs
Adv 19
56.1
26.0
13.5
7.1
2.8
0.7

72 hrs
Adv 22
59.7
28.6
14.1
7.7
2.9
0.7

Table 4.14 NHC Wind Speed Probability Table for Advisory 22 (NHC 2008a)

At the 72 hour forecasting period, no detailed rainfall estimation can be made. Using
Section 2.2.2, 10 inches of rainfall over a 24 hour period may occur. It should be noted that this
estimation has no spatial variance. Because of the lack of rainfall flood potential in Franklin,
rainfall flooding is a minimal hazard.
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4.5.2 Vulnerabilities at 72 Hours until Landfall
At this point, vulnerability is still difficult to determine for storm surge flooding. For
storm surge flooding, there is a potential high hazard based on forecast track and intensity, but
there is no forecast available to determine more detailed vulnerability.
For high wind hazards, there is a 28% probability that Franklin will experience minimal
hurricane wind speeds. Table 4.13 shows the probability of experiencing individual wind speeds
within ranges that would impact decisions for evacuation and sheltering. For these ranges, there
is the potential for experiencing Damage States 1 and 2.
4.5.3 Risk at 72 Hours until Landfall
Risks for individual damage states are slightly higher than the previous forecast. As the
storm moves closer to landfall, errors become smaller and the forecast and corresponding wind
speed probabilities become more reliable. Table 4.15 shows the probability of experiencing at
least each damage state, as well as the resultant risk from each damage state probability. The
probabilities for experiencing Minor and Moderate Damage States is slightly higher than the
previous forecast period, with probabilities for higher damage states remaining the same.
Table 4.15 Risks from High Winds at 72 Hours

Damage State

Risk

1 - Minor Damage
Low
2 - Moderate Damage
Low
3 - Severe Damage
Medium
4 - Destruction
High

Habitable
Yes
Yes
No
No

Adv
19
16.9
6.7
2.1
0.8

Adv
22
17.7
7
2.1
0.8

P(%)
Resultant
Habitable
Risk
Low
Yes
Low
Yes
Low
Yes
Low
Yes

As can be seen, relative occupant risk is low for the potential wind speeds at the 72 hour forecast
period. While Damage State 1 has a minimal chance of occurring, its corresponding occupant
risk is low so overall occupant risk remains low. For Damage States 2 – 4, corresponding
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occupant risk may be higher for each damage state, but because of the low probabilities of these
damage states occurring, occupant risk remains low. Table 4.16 shows the three hazards as well
as their corresponding risks and associated actions based on the risks.
Table 4.16 Risks at 72 Hours from Landfall
Hazard Type
High Winds
Rainfall Flooding
Surge Flooding

Risk
Low
High

Action
Monitor
Monitor

4.5.4 Decisions at 72 Hours until Landfall
For high winds, there is a low level of risk to occupant safety in the typical structure used
for Franklin. Based on a 2.1% probability of experiencing Damage State 3, which results in low
life-safety risk, it would be recommended that the general population shelter in place for high
winds. However, high winds alone do not determine sheltering and flooding must be taken into
consideration. There is the potential for Franklin to experience 5 feet of storm surge flooding
based on Gustav‟s current track and intensity forecast. This information is based on SLOSH
MEOW, which is a maximum estimate of flooding. Since this is a maximum estimate, and
uncertainty in the track and intensity is still high at 72 hours, more information is needed before
specific risk from storm surge flooding can be determined. At this forecast period there is still
not enough overall information available to make a decision, so the official recommendation will
be to continue monitoring the storm.
The 72 hour time period is approaching the threshold at which some decisions must be
made. This includes areas which require longer times to evacuate, as well as critical facilities
which require more time to move residents. For these cases, the recommendation would be to
shelter in Franklin due to low risk from high winds. There is still a large amount of uncertainty in
the flooding, but the maximum prediction is 5 feet above local elevation, which was taken as 5
122

feet. Because almost all of Franklin is above 5 feet elevation, a secondary local evacuation to
higher ground could occur if the storm unexpectedly intensified. It is also likely that the 5 feet of
flooding predicted by SLOSH MEOW is from a different track from Hurricane Gustav.
4.6 Forecast 48 Hours until Landfall
For the 48 hours until landfall forecast, Gustav was located directly off the Southern
coast of Cuba. Advisory 25 forecast Gustav to make landfall approximately 40 miles southeast of
Franklin. Figure 4.12 shows the forecast track at Advisory 25. At this time, more detailed wind
radii forecast for landfall and storm surge forecast also became available. For the forecast period,
the storm was located 700 miles from forecast landfall, and Franklin had a 40.5 percent
probability of experiencing minimum hurricane conditions from Gustav per method used in 4.2.

Figure 4.12 Landfall Forecast Advisory 25 (NHC 2008a)
4.6.1 Hazards at 48 Hours until Landfall
Gustav was forecast to pass over Franklin on a Northwestern track. The projected
maximum sustained winds at landfall were 125 knots, or strong Category 3 strength. Gustav was
located 700 miles from forecast landfall at the 48 hour forecast, and a translation speed of 14
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miles per hour was forecast at landfall. Figure 4.13 shows wind speed probabilities for wind
speeds in Franklin based on historical landfall and intensity error. For Advisory 25, the wind
speed pdf has shifted very significantly to the right. This is primarily because the forecast
intensity at landfall has increased substantially, by 25 knots.

Figure 4.13 Wind Speed Probabilities for Franklin Based on Advisory 25
Table 4.17 shows probabilities (%) for experiencing storm categories for Franklin. The
probability of experiencing each storm category is higher than the previous forecast. This is due
to the shift in the wind speed pdf, and the resulting higher probabilites at higher wind speeds.
Table 4.18 shows wind probabilities from the NHC. For Advisory 25, Gustav was forecast to
make landfall at 2 pm Monday, which correponds to the 48 hour column on Table 4.18.
Table 4.17 Probability (%) of Experiencing Storm Classifications for Franklin Based on
Hurricane Gustav Advisory 25

Storm Category
Tropical Storm
Category 1
Category 2
Category 3
Category 4
Category 5

120 hrs
Adv 15
55.8
28.1
15.7
9.3
4.0
1.2

96 hrs
Adv 19
56.1
26.0
13.5
7.1
2.8
0.7
124

72 hrs
Adv 22
59.7
28.6
14.1
7.7
2.9
0.7

48 hrs
Adv 25
70.0
43.2
27.2
18.3
9.7
3.8

Table 4.18 NHC Wind Speed Probability Table for Advisory 25 (NHC 2008a)

The first probabilistic storm surge forecast became available for this time period. Figure
4.14 shows the probability of experiencing surge > 8 ft.

Figure 4.14 Psurge for Surge Height > 8 feet from Advisory 25 (NHC 2008a)
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This height is in feet above mean sea level, not depth above ground. The elevation of the
study area must be subtracted from the provided surge height to obtain flooding above ground
level. Franklin‟s location is denoted by the red star in Figure 4.14. Using an elevation of 5 feet
for Franklin, the resulting flood depth is 3 feet. From the color-coded key in Figure 4.14, there is
a 20 – 30 % probability that Franklin will experience 3 feet of flooding. Output figures similar to
Figure 4.14 are available in 1 foot increments up to 10 feet. Additionally, a graphic of the surge
heights that are exceeded in 10 percent of model simulations is available.
Figure 4.15 shows these forecast heights in feet above ground elevation, as well as the
associated probability for each surge height. As can be seen, surge flooding is a possibility, but
the probability of experiencing significant flooding is relatively low. This exhibits a sharp dropoff from previous potential surge heights even though the forecast track and intensity remain
unchanged. This is likely due to the fact that the previous SLOSH forecast used a particularly
unfavorable storm track that is parallel to but dissimilar from the current forecast track. This
concept is discussed in section 3.2.2.

Figure 4.15. Forecast Storm Surge Heights in Franklin for Advisory 25
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From the depth-limited wave heights in Section 3.2.4.2, the maximum significant wave
height which can develop is 4.9 feet for 10 feet of flood depth. However, this height is based on
an unlimited fetch, whereas the fetch available for wave development in Franklin is
approximately 3000 feet. Using Category 3 winds of 115 mph and the fetch-limited equations
outlined in 3.2.4.2, a wave height of 0.75 feet is determined. From this, it is apparent that the
limiting factor in wave development for this location is fetch, not depth. As discussed in 3.2.5,
half of this wave height is added to flooding. Therefore, an additional 0.4 feet would be added to
surge depths to account for wind-driven waves.
At the 48 hour forecasting period, no detailed rainfall estimation can be made. From
Section 2.2.2, 8 inches of rainfall over a 24 hour period may occur. Because of the lack of
rainfall flood potential in Franklin, rainfall flooding is a minimal hazard. Wave hazard is low
when considered by itself. However, expected potential wave heights are still added to flood
heights to determine risk.
4.6.2 Vulnerabilities at 48 Hours until Landfall
For this forecast period, all vulnerabilities are able to be determined for the first time in
the analysis. For surge flooding, there are low probabilities of flooding, but these probabilities
are high enough for the flood levels to potentially occur. When referring to collapse potential as
a mode of determining life safety, the threshold for collapse is 10 feet for the model structure
with a flood velocity of 5 feet per second. The probability of 10 feet of surge flooding in
Franklin is 10% for the 48 hour forecast period. It is not expected for surge flood velocities to be
significantly higher than 5 feet per second since Franklin lies more than five miles inland from
the coast. This velocity is an estimate based on engineering judgment. There is a significant area
of heavily treed terrain which separates Franklin from the coast. This should serve to slow the
propagation of surge flooding inland for the predicted surge heights.
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Wind speeds are significantly higher in Advisory 25. For the expected wind speeds, there
is the potential to experience Damage States 1 -3. For Damage State 3, significant damage to the
structure can occur that may affect vulnerability for residents of the structure.
4.6.3 Risk at 48 Hours until Landfall
Risks with respect to high winds are higher than in the 72 hour forecast period. This is to
be expected as the probability of experiencing higher wind speeds is higher than the previous
forecast. Table 4.19 shows the probability of experiencing at least each damage state, as well as
the resultant relative risk from each damage state probability.
Table 4.19 Risks from High Winds at 48 Hours

Damage State

Risk

1 - Minor Damage
Low
2 - Moderate Damage
Low
3 - Severe Damage
Medium
4 - Destruction
High

Habitable
Yes
Yes
No
No

Adv
22
17.7
7
2.1
0.8

Adv
25
52.7
26.3
10.8
4.8

P(%)
Resultant
Habitable
Risk
Low
Yes
Low
Yes
Low
Yes
Low
Yes

Relative occupant risk remains low for high winds at the 48 hour forecast period. While
Damage State 1 has a minimal chance of occurring, its corresponding occupant risk is low so
overall occupant risk remains low. Because of their higher probability of occurring, the effects of
Damage States 2 and 3 must be considered. Damage State 2 is defined as losing some roof
sheathing and windows, while Damage State 3 is defined as losing significant roof sheathing and
windows. Structural systems are not expected to fail in either Damage State 2 or 3. Because of
the low probabilities of obtaining these damage states, the model structure is expected to be
habitable after the storm.
For storm surge flooding, risks are able to be determined for the first time. Table 4.20
presents these risks for all modes of flooding. For a presentation of risks as they correspond
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directly to life safety, Table 4.20 shows the probability of exceeding particular life-safety
thresholds for rapid-rise flooding and any other type of flooding (intermediate, inundation). This
is accomplished by determining the probability of obtaining a surge height which reaches the
thresholds in Table 4.20. Probabilities of flood depth occurrence are determined from Figure
4.14 and are approximate due to the limited data available. For “Rapid Rise” flooding, the flood
depth which would cause 0.1, 1, and 10 percent fatalities were determined using Figure 3.15.
This was repeated for the “Inundation” and “Other” flood classification using Figures 3.16 and
3.17. Note that “Rapid Rise”, “Inundation”, and “Other” denote three different flood modes and
are not combined. A single location will likely experience one, but not all, of these modes at a
time. As can be seen, the probabilities of reaching the thresholds are high enough to warrant
further consideration.
Table 4.20 Probability of Exceeding Surge Life-Safety Levels at 48 hours

Threshold
0.1% Fatalities
1% Fatalities
10% Fatalities

Probability (%)
Rapid Rise
Other
Inundation
25
14
12.5
9
12.5
11
<
1
10
10

4.6.4 Decisions at 48 Hours until Landfall
For the 48 hour forecast period, there are some risks from hurricane hazards. For high
winds, there is a significant probability of experiencing higher than Damage State 1, and the
potential of experiencing Damage States 2 and 3. The probability of experiencing Damage State
4 is low. The probability of experiencing Damage State 3 is 10.8%. This is higher than any
previous forecast, but results in low risk to life safety. The model structure is expected to be
habitable. For high winds, it would be recommended that residents shelter in place.
For storm surge flooding, there is a possibility of some surge flooding in Franklin. When
referring to the flood decision tree in Section 3.5.4, the evacuation trigger (hv > 75 ft2/s) is not
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reached. The collapse potential for the model structure is then checked. The collapse potential for
the surge flooding probabilities used is low based on expected flood depths, as well as low
expected flood velocities. Flood velocities are expected to be low because the storm was not
forecast to have a particularly fast translation speed, and it is not expected that rapid rise flooding
will occur. Franklin lies inland from the coast, and there are significant forested areas in between
Franklin and open water, so any potential flooding will likely be inundation flooding. From
Table 4.20, there is a significant probability (25%) of reaching the 0.1% fatality threshold.
Probabilities for obtaining the 1% and 10% fatality threshold are much lower. On the inundation
fatality curve, the depth at which the 0.1% fatality threshold is reached is two feet of flooding.
The overall decision recommendation for flooding as well as high winds is to shelter in
place and continue monitoring the storm. Risk to life safety from wind is low, and the model
structure is expected to be habitable after the storm. The probability of reaching the 0.1%
threshold from inundation flooding is 25%. This estimate is likely over conservative. When
comparing inundation to rapid-rise flooding, which is a much more dangerous flood mode, the
probability of obtaining the 0.1% fatality threshold is 14%. Because of the likely conservatism,
the recommendation would be to shelter for flooding. These recommendations would apply only
to the population living in Franklin. Portions of the population outside Franklin, especially to the
South and West, would likely have different recommendations based on their specific site
information. The storm should be continuously monitored for sudden changes in track or
intensity.
4.7 Forecast and Hazards at 36 Hours until Landfall
For Advisory 27 Gustav was located 525 miles from projected landfall and was forecast
to make landfall 30 miles to the southeast of Franklin. Gustav was forecast to pass over Franklin
on a Northwestern track. Figure 4.16 shows the forecast track for Advisory 27.
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Figure 4.16 Landfall Forecast Advisory 27 (NHC 2008a)
The projected maximum sustained winds at landfall were 120 knots, or strong Category 3
strength. Gustav was located 525 miles from forecast landfall at the 36 hour forecast. A forward
translation of 13 mph was forecast at landfall. Even considering inland decay, significant wind
speeds could be expected in Franklin. Figure 4.17 shows wind speed probabilities for various
wind speeds (mph, 3 second gust) in Franklin based on historical landfall and intensity error.

Figure 4.17 Wind Speed Probabilities for Franklin Based on Advisory 27
The wind speed distribution has shifted slightly towards higher wind speeds, and
the probabilities of experiencing higher wind speeds in Franklin have increased again from
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previous advisories. The track has shifted slightly back to the west, which creates a higher
potential for winds. Forecast errors also are smaller as the storm moves closer to land.
Table 4.21 shows probabilities (%) of experiencing storm categories in Franklin for
Advisory 27. As is expected, the probabilities of experiencing each category is slightly higher
than the previous forecast.
Table 4.21 Probability (%) of Experiencing Storm Classifications for Franklin Based on
Hurricane Gustav Advisory 27

Storm Category
Tropical Storm
Category 1
Category 2
Category 3
Category 4
Category 5

120 hrs
Adv 15
55.8
28.1
15.7
9.3
4.0
1.2

96 hrs
Adv 19
56.1
26.0
13.5
7.1
2.8
0.7

72 hrs
Adv 22
59.7
28.6
14.1
7.7
2.9
0.7

48 hrs
Adv 25
70.0
43.2
27.2
18.3
9.7
3.8

36 hrs
Adv 27
72.1
47.3
30.8
21.9
11.7
5.4

Table 4.22 shows the NHC wind probabilities for Advisory 27. For this Adivory, landfall was
forecast at 1 pm Monday which corresponds to the 36 hour column on Table 4.22.
Table 4.22 NHC Wind Speed Probability Table for Advisory 27 (NHC 2008a)
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For storm surge flooding, the probabilities of Franklin experiencing significant flood
depths have dropped from the previous forecast. This could be due to less uncertainty being
present in the model at shorter forecast periods. For depths greater than 2 feet, there is a 10%
probability of occurrence. There is essentially a 0% probability of flood depths greater than 5
feet based on the P-surge model. Figure 4.18 shows potential storm surge flooding for Franklin
as well as the corresponding probabilities. Because of the low probability of flooding, the
potential for wave heights is minimal and is not considered.

Figure 4.18 Forecast Storm Surge Heights in Franklin for Advisory 27
At the 36 hour forecasting period, no detailed rainfall estimation can be made. From
Section 2.2.2, 9 inches of rainfall over a 24 hour period may occur. Because of the lack of
rainfall flood potential in Franklin, rainfall flooding is a minimal hazard.
4.7.1 Vulnerabilities at 36 Hours until Landfall
For surge flooding, there are low probabilities of flooding, but these probabilities are high
enough for the flood levels to potentially occur. For life-safety, the expected levels are not high
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enough to be a significant hazard to life-safety, and higher flood levels have very low
probabilities of occurring. From the expected surge flooding levels, collapse potential is not
expected to occur.
For high wind hazards, there is a higher probability that Franklin will experience
hurricane wind speeds, as well as higher probabilities for wind speeds above minimal hurricane
strength. For the potential wind speeds in the 36 hour forecast period, there is the potential for
experiencing Damage States 1 through 3.
4.7.2 Risk at 36 Hours until Landfall
Table 4.23 shows the probability of experiencing at least each damage state, as well as
the resultant risk from each damage state probability. As is expected, the probabilities are
slightly higher than the previous forecast.
Table 4.23 Risks from High Winds at 36 Hours

Damage State

Risk

1 - Minor Damage
Low
2 - Moderate Damage
Low
3 - Severe Damage
Medium
4 - Destruction
High

Habitable
Yes
Yes
No
No

Adv
25
52.7
26.3
10.8
4.8

Adv
27
67.8
36.0
15.6
7.1

P(%)
Resultant
Habitable
Risk
Low
Yes
Low
Yes
Low
Yes
Low
Yes

For this time period, relative occupant risk is still low. While Damage State 1 has a
significant chance of occurring, its corresponding occupant risk is low so overall occupant risk
remains low. For Damage States 2 – 4, corresponding occupant risk may be higher for each
damage state as discussed for Advisory 25 (Section 4.6.3), but because of the low probabilities of
these damage states occurring, occupant risk remains low, thus overall risk remains low. The
model structure is expected to be habitable after the storm although the higher probabilities for
Damage States 3 and 4 may result in slightly more damage than from the previous forecast.
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For storm surge flooding, the potential hazard levels are lower than the previous forecast.
Table 4.24 shows probability of exceeding life-safety thresholds for the 36 hour forecast period.
These forecast flood levels which could potentially cause 0.1% fatalities have only a 10%
probability of occurring. Therefore, the risk to life safety from flood is low for the 36 hour
forecast period.
Table 4.24 Probability of Exceeding Surge Life-Safety Levels at 36 hours

Threshold
0.1% Fatalities
1% Fatalities
10% Fatalities

Probability (%)
Rapid Rise
Other
Inundation
10
<1
<1
<1
<1
<1
<1
<1
<1

4.7.3 Decisions at 36 Hours until Landfall
For high winds, there is a low level of risk to occupant safety in the typical structure used
for Franklin. Based on a 15.6% probability of experiencing Damage State 3, it would be
recommended that the general population shelter in place for high winds. This probability results
in low risk to life safety, and the model structure is expected to be habitable after the storm.
Because the potential for Damage States 2-4, it would be recommended that anyone in a
structure significantly weaker than the model structure, such as mobile homes, evacuate locally
to a structure at least as secure as the model structure.
For storm surge flooding, the risk has been greatly reduced from the 48 hour forecast
period. Probabilities for experiencing any fatality threshold in Table 4.24 are less than one, with
the exception of the 0.1% threshold for Inundation flooding. As was discussed in 4.6.4, this
threshold is likely conservative. Therefore, the official recommendation for high winds and
storm surge flooding would be to shelter in place. The storm should be continuously monitored
for sudden changes in intensity and direction.
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4.8 Forecast at 24 Hours until Landfall
At the 24 hour forecast, Advisory 28, Gustav was located 220 miles from projected
landfall. Gustav was projected to make landfall slightly to the south of Franklin. Figure 4.19
shows the track forecast at Advisory 28. For Advisory 28, Gustav was located 220 miles from
landfall and was forecast to make landfall slightly Southeast of Franklin and pass directly over
Franklin as the storm tracked inland.

Figure 4.19 Landfall Forecast Advisory 28 (NHC 2008a)
4.8.1 Hazards at 24 Hours until Landfall
Gustav was located 220 miles from forecast landfall at the 24 hour forecast. A translation
speed of 10 mph was forecast. Gustav was forecast to be a Category 3 storm at landfall. Figure
4.20 shows wind speed probabilities for wind speeds in Franklin based on historical landfall and
intensity error. As can be seen, the distribution of potential wind speeds is still slightly skewed to
the right, but overall is much less skewed than any previous forecast. This is likely due to the fact
that track and intensity error is minimized for the 24 hour forecast period. It can be seen that the
mean expected wind speed is around 80 mph, which is slightly higher than the previous advisory.
However, probabilities for higher wind speeds at the tail of the distribution are lower. Note that
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at this point the distribution is no longer skewed by a high probability of low or zero wind speeds
and appears fairly symmetric, more like a normal distribution.

Figure 4.20 Wind Speed Probabilities for Franklin Based on Advisory 28
Table 4.25 shows probabilities (%) of experiencing storm categories in Franklin for
Advisory 28. The probabilities of experiencing up to a Category 3 hurricane are higher, while the
probability of experiencing either a Category 4 or 5 storm is lower. This is to be expected due to
the shape of the distribution. Table 4.26 shows the NHC wind probabilities for Advisory 28. For
this Adivory, landfall was forecast to be between 7 am Monday and 7 am Tuesday, which
corresponds to in between the 24 and 36 hour column on Table 4.26.
Table 4.25 Probability (%) of Experiencing Storm Classifications for Franklin Based on
Hurricane Gustav Advisory 28

Storm Category
Tropical Storm
Category 1
Category 2
Category 3
Category 4
Category 5

120 hrs
Adv 15
55.8
28.1
15.7
9.3
4.0
1.2

96 hrs
Adv 19
56.1
26.0
13.5
7.1
2.8
0.7

72 hrs
Adv 22
59.7
28.6
14.1
7.7
2.9
0.7
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48 hrs
Adv 25
70.0
43.2
27.2
18.3
9.7
3.8

36 hrs
Adv 27
72.1
47.3
30.8
21.9
11.7
5.4

28 hrs
Adv 28
90.1
61.5
36.9
22.3
9.2
2.2

Table 4.26 NHC Wind Speed Probability Table for Advisory 28 (NHC 2008a)

At this time, there was only a 7.5% probability that Franklin would experience at least
three feet of surge flooding above ground elevation. Figure 4.21 shows the probabilities
associated with different levels of surge flooding for the 24 hour forecast. Because of the low
probabilities of experiencing any level of flooding, wave hazard is not considered.

Figure 4.21 Forecast Storm Surge Heights in Franklin for Advisory 28
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The first rainfall model also became available for Franklin 24 hours before landfall.
Figure 4.22 shows the predicted 24 hour rainfall totals. As can be seen, approximately seven
inches of rain was forecast for Franklin oven the 24 hour period in which Gustav would make
landfall and pass over Franklin (according to official forecast). This is lower than the
approximately 10 inches that have been previously predicted using Knot‟s rule. However,
because of the lack of rainfall flood potential in Franklin, rainfall flooding is a minimal hazard.

Figure 4.22 24 Hour Rainfall Potential, August 31, 10:30 Eastern Time (NOAA 2008c)
4.8.2 Vulnerabilities at 24 Hours until Landfall
For surge flooding, there are low probabilities of flooding, with the probabilities low
enough that surge flooding is unlikely to occur in Franklin. For life-safety, the expected levels
are not high enough to be a significant hazard to life-safety, and higher flood levels have very
low probabilities of occurring. From the expected surge flooding levels, collapse potential is not
expected to occur.
For high wind hazards, there is a high probability that Franklin will experience minimal
hurricane wind, as well as higher probabilities for wind speeds above minimal hurricane
strength. For the wind speed probabilities in the 24 hour forecast period, there is high potential
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for experiencing Damage State 1 as well as the probability of experiencing Damage State 2, with
Damage States 3 and 4 unlikely to occur.
4.8.3 Risk at 24 Hours until Landfall
For the 24 hour forecast period, enough information is available to determine specific
risks from high winds to structural vulnerability and the correlating relative occupant risk. Table
4.27 shows the probability of experiencing at least each damage state, as well as the resultant risk
from each damage state probability. Overall, the probability of experiencing Damage States 1 – 4
is lower than the previous forecast.
Table 4.27 Risk from High Winds at 24 Hours

Damage State

Risk

1 - Minor Damage
Low
2 - Moderate Damage
Low
3 - Severe Damage
Medium
4 - Destruction
High

Habitable
Yes
Yes
No
No

Adv
27
67.8
36.0
15.6
7.1

Adv
28
51.7
21.0
6.4
2.4

P(%)
Resultant
Habitable
Risk
Low
Yes
Low
Yes
Low
Yes
Low
Yes

For this time period, relative occupant risk is low, and probabilities are lower than the 36
hour forecasting period, especially for Damage States 2-4. While Damage State 1 has a
significant chance of occurring, its corresponding occupant risk is low so overall occupant risk
remains low. For Damage States 2 – 4, corresponding occupant risk may be higher for each
damage state, but because of the low probabilities of these damage states occurring, occupant
risk remains low, thus overall rick remains low.
For storm surge flooding, the potential hazard levels are lower than the previous forecast.
Because of this, the risk to life-safety from storm surge flooding is lower. From Figure 3.18, the
expected fatality rates from low levels of flooding (≤ 3 ft) are less than 0.5%. Additionally, these
forecast flood levels have less than a 10% probability of occurring. Therefore, the risk to life
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safety from flood is low for the 24 hour forecast period. Table 4.28 shows the probability of
exceeding life-safety thresholds from surge flooding.
Table 4.28 Probability of Exceeding Surge Life-Safety Levels at 24 hours

Threshold
0.1% Fatalities
1% Fatalities
10% Fatalities

Probability (%)
Rapid Rise
Other
Inundation
10
<1
<1
<1
<1
<1
<1
<1
<1

4.8.4 Decisions at 24 Hours until Landfall
At this forecast period, the time to evacuate has passed, and the decision has already been
made to shelter in place. While the decision has already been made, the option would remain
open to evacuate locally if conditions warranted the local evacuation.
For high winds, there is a low level of risk to occupant safety in the typical structure used
for Franklin. Based on a 6.4% probability of experiencing Damage State 3, it would be
recommended that the general population shelter in place for high winds. The resultant risk is
low and the model structure is expected to be habitable after the storm. However, high winds
alone to not determine sheltering and flooding must be taken into consideration. Additionally, it
would be recommended that anyone in a structure significantly weaker than the model structure,
such as mobile homes, evacuate locally to a structure at least as secure as the model structure.
For storm surge flooding there is no significant risk to life-safety at the 24 hour
forecasting period. Therefore, it would be recommended to shelter in place for storm surge
flooding. However, this recommendation is for the city of Franklin only. Areas to the South and
West of Franklin which have slightly lower elevations would be examined separately for their
own risks, which would likely be higher due to their lower elevation. From the combination of
risks from all three hazard, the decision to shelter in place remains, with no additional decision to
evacuate locally, with the exception of previously mentioned items.
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4.9 Hurricane Gustav in Franklin
Hurricane Gustav made landfall as a Category 2 hurricane near Cocodrie, Louisiana,
which is located southwest of Franklin. After landfall, Gustav tracked northwest, with the
storm‟s center passing slightly to the east of Franklin. The maximum winds experienced in
Franklin were approximately 65 mph sustained, and approximately two inches of rain fell in
Franklin (Bevin 2009). No storm surge or rainfall flooding occurred in Franklin.
The decision to evacuate St. Mary Parish must be made at least 30 hours prior to the
onset of tropical storm force winds. Evacuation decisions are typically made if inundation of
low-lying portions of the parish is likely. For Hurricane Gustav, the decision to evacuate was
made slightly earlier than usual, and was based on a recommendation to evacuate from
GOHSEP. At the time of the evacuation recommendation, Hurricane Gustav was a Category 4
storm, and was forecast to make landfall as a strong Category 3 (Arthur 2009).
A mandatory evacuation was ordered for St Mary Parish, which includes Franklin, prior
to Gustav making landfall. An estimated 85 percent of the population evacuated St Mary Parish,
and an estimated 85 percent of Franklin evacuated. Officials in Franklin went door to door
encouraging evacuation, and a curfew was enacted for residents who did not evacuate. An
estimated 400 residents who either had no transportation or needed assistance were also
evacuated. There were no injuries or casualties reported for Franklin from Hurricane Gustav
(Acadiana Bureau 2008).
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CHAPTER 5. CRITICAL FACILITY EXAMPLE
To further demonstrate the methodology presented in Chapter 3, an additional example
will be presented of a critical facility. The chosen facility is a hospital, which has a longer
decision making timeline for evacuation. The example will only address the 96-hour forecast
period. The hospital is located in Abbeville, Louisiana, in an area that is potentially subject to
rainfall flooding. This location was chosen for the example to demonstrate the rainfall flooding
component of the decision support model. Hurricane Gustav will still be used as the storm
threat. However, Gustav‟s forecast land falling wind speed will be increased to a strong
Category 4 storm with sustained winds of 120 knots, which will provide a different level of wind
hazards from the previous example. The modified wind speed will be adjusted by simply
shifting the mean of the wind field probability distribution as determined in section 4.4.1.
The medical facility used in this example is a two story engineered structure with a
concrete frame. The facility is located in suburban terrain (with an estimated surface roughness
length zo=0.35). The structure will have a built-up roof and the wall surface area will be
considered as being 33% glazing. Windows will not be protected with shutters. The facility is
modeled as being located on Hospital Road in Abbeville Louisiana at approximately 29.96°N
92.11°W.
5.1 Flood Analysis Example – Hospital in Abbeville
Abbeville is similar in both size and population to Franklin, although it is slightly
larger, and is located 40 miles to the West-Northwest of Franklin. The drainage channels in
Abbeville, as well as their length and drainage areas, are listed in Table 5.1 (FEMA 2003). The
Vermilion River runs through Abbeville and Vermillion Parish before eventually emptying into
Vermilion Bay. Flooding from the Vermilion River will not be directly analyzed since its
drainage area (486 square miles) is much larger than the city of Abbeville. Instead, the smaller
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drainage basins will be considered for immediate flood hazards, with flooding from the
Vermilion River being a secondary hazard.
Table 5.1 Drainage Channels in Abbeville, Louisiana
Drainage Channel
Vermilion River
Valcourt Coulee
Dick Hunter Coulee
Hog Coulee
Youngs South
Coulee
Youngs North
Coulee

Length (miles)
4.0
0.3
0.7

Drainage Area (sq. miles)
2.4
0.7
0.6

4.8

5.0

3.4

3.8

In Abbeville, historic flood problems are from locally heavy rainfall which results in
overflow of the drainage channels. Additionally, flooding can occur due to backwater from the
Vermilion River, or a combination of local flooding and backwater. Large portions of Abbeville
lie in the 100 year floodplain. Figure 5.1 shows the flood profiles for Youngs North Coulee.

Hospital Rd

Figure 5.1 Flood Profiles for Several Different Annual Probability Floods (FEMA 2003)
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The profiles shown are for flood profiles with specific annual probability of occurrence. This
shows the location of Hospital Road at a point upstream of Youngs North Coulee‟s confluence
with Young‟s Canal. It does not show exact flood depths. A specific site elevation must be
known in order to determine this.
The location of the facility is marked on Figure 5.2. From a Digital Elevation Model of
Abbeville, the sample site on Hospital Road is at 7 feet elevation. Both this elevation and the
flood profile elevations are in NAVD88. Had the elevations been in different datums, the
elevations would have to be converted to NAVD 88 as discussed in Section 3.2.1. Table 5.2
shows resulting flood depths from the various flood return periods when considering the site
elevation.

Figure 5.2 Portion of FIRM for Abbeville (Louisiana Mapping Project 2008)
Table 5.2 Flood Depths at Example Site for Different Annual Probability Floods
Flood Profile
10%
2%
1%
0.20%

Flood Depth (ft)
0
0.5
2.5
6.75
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5.2 Critical Facility Damage States
A damage state function will be chosen which represents construction common for a
critical facility. A Damage Function for two-story engineered structures will be used. The criteria
used for this Damage State are appropriate for small- to medium-scale medical facilities,
including hospitals and nursing homes. The example Damage State Function appears in Figure
5.3. The engineered building damage states differ slightly from the residential damage states.
The primary components considered for engineered buildings are roof cover, windows/doors,
roof deck, and roof system (modeled as joists). All glass is considered to be single-pane
tempered glass (non-insulated). The damage model also considers missile environment, which is
defined by potential missile sources. A missile environment was chosen which contained an
equal mix of commercial and residential missile sources. Engineered buildings are considered to
have either steel or concrete framing systems with masonry cladding. Additional criteria
outlining the engineered commercial building damage states are outlined in Table 5.3.

Figure 5.3 Example Damage State (NIBS 2005)
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Table 5.3 Engineered Commercial Building Damage State Criteria (NIBS 2005)

5.3 Hazards at 96 Hours until Landfall
For NHC Advisory 19, the center of Hurricane Gustav was forecast to make landfall and
pass to the East of Franklin, and the forecast is shown in Figure 5.4.

Figure 5.4 Advisory 19 Landfall Forecast (NHC 2008a)
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At this time, the center of Gustav was 1105 miles from its forecast landfall point. Gustav
was forecast to pass over Franklin on a Northwestern track. For this example – consider that the
projected maximum sustained winds at landfall were forecast to be 120 knots, or Category 4
strength.
Initially, a Category 4 storm on a Northwest track could potentially produce significant
storm surge flooding for Abbeville. Figure 5.5 shows SLOSH output for a Category 4 storm
moving Northwest at 15 mph and making landfall at high tide.

Figure 5.5 SLOSH MEOW for Critical Facility, Advisory 19
This was chosen based on forecast landfall translation speed. Because the storm is far
from land, timing of landfall with tide level should not be performed and high tide was assumed
for conservatism. SLOSH reports a surge height of 14.2 feet, which is in feet above mean sea
level. When considering the site elevation of 7 feet, 7.2 feet of flooding could be expected.
Although these two elevations are in different datums, there is not a significant difference when
converting to NAVD88, as was discussed in Section 4.1.3. As previously mentioned, the surge
heights discussed here are the result of many parallel tracks, not a unique track. Actual storm
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surge may differ significantly, as the storm is still far from landfall. Because of the suburban
terrain surrounding the example location, there is insufficient fetch to develop wind driven
waves. The predicted flood level of 7.2 feet is not high enough to change the terrain to an open
fetch by submerging wind barriers (buildings, trees, etc.)
Gustav was located 1105 miles from forecast landfall at the 96 hour forecast. A
translation speed of 10 mph was forecast for the storm when it made landfall. Individual wind
probabilities for Franklin from Gustav were also determined. Figure 5.6 shows wind speed
probabilities for Franklin at the 96 hour forecast period using the example storm. Table 5.4
shows probabilities of experiencing storm categories.

Figure 5.6 Wind Speed Probabilities for Critical Facility Example
Table 5.4 Probability (%) of Experiencing Storm Classifications for Based on Advisory 19
Probability (%)
of Experiencing
75.3
45.0
27.2
18.0
8.6
2.7

Storm Category
Tropical Storm
Category 1
Category 2
Category 3
Category 4
Category 5
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From Section 2.2.2, 10 inches of 24 hour rainfall is predicted. This value is slightly less
than the 50 year rainfall (11.5 inches) and significantly less than the 100 year rainfall (12.5
inches). Becaue Knot‟s rule is an estimate, and there are no rainfall models available at longrange forecast, it would not be unreasonable to assume rainfall totals approaching the 50 year
rainfall. Refering to Table 5.2, flooding of 0.5 feet at the site could be expected.
5.4 Risk at 96 Hours until Landfall
Table 5.5 shows the probability of obtaining each damage state from the example storm,
as well as the resultant risk from each damage state. The addition of a second story influences the
contribution of roof damage to the overall structural damage. Because of the presence of an
intermediate barrier (the second story‟s floor decking), roofing damage does not correlate as
directly to damage on the bottom floor. This correlation would be even weaker with the addition
of more stories.
Table 5.5 Wind Risk at 96 Hours Until Landfall
Damage State
1 - Minor Damage
2 - Moderate Damage
3 - Severe Damage
4 - Destruction

Risk
Habitable P (%)
Low
Yes
65.4
Low
Yes
49.0
Medium
No
30.2
High
No
0.2

Resultant Risk Habitable
Low
Yes
Low
Yes
Medium
No
Low
Yes

5.4.1 Effect of Individual Wind Damage States
From the previous analysis, there is a 65.4% probability of experiencing at least Damage
State 1. This damage state is defined as up to 15 percent roof cover loss, the loss of 1 window or
door, and less than 5 missile impacts. Based on this, the risk to residents in the structure would
be minimal, and the structure would be habitable after the storm.
There is a 49% probability of experiencing at least Damage State 2. This is defined as up
to 50 percent roof cover loss, 2% window/door failures, 1 – 2 roof panels lost, and 5 – 10 missile
impacts. Based on this information, the risk to residents in the structure would still be minimal if
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the following conditions were met: areas exposed to windows and doors susceptible to failure
could not be used as well as areas on the second floor where roof panels could be lost. These
areas would most likely be at edges and corners where wind pressures are the highest. After the
storm, the structure would still be habitable as long as damaged areas were covered to prevent
additional water from entering the structure.
There is a 30.2% probability of experiencing at least Damage State 3. This Damage State
is defined as greater than 50 percent roof cover loss, up to 25 percent window loss, up to 25
percent roof deck loss, 10 – 20 missile impacts, and up to 25 percent roof joists failure. This
damage state poses greater risks to inhabitants of the structure. The second flood could not be
used as shelter, and outer areas of the first flood with windows susceptible to failure could not be
used. Risk to residents in the structure would be medium. Based on this damage state, the
structure would not be habitable after the storm due to water intrusion, and significant repairs
would be needed before the structure could be occupied again.
Damage State 4 had 0.2% probability of occurring. This damage state has a high
consequence if it occurs. Damage State 4 is defined as greater than 25% roof deck and window
failure. Additionally, >25% of roof joist are expected to fail. This level of failure severely
compromises the structure. The structure could not be used as a shelter and would need
significant repairs after the storm before it could be habitable. It is not expected that this damage
state will occur.
5.4.2 Flood Analysis
From the rainfall flood analysis, 0.5 feet of flooding at the site could reasonably be
expected. This flooding is only an estimate as rainfall is difficult to forecast, especially at long
ranges. For 0.5 feet of flooding, there is minimal risk to life safety. Habitants exposed to this
level of flooding would be at minimal risk for drowning, and there is not enough depth for
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structural integrity to be affected. However, this level of flooding does affect the habitability of
the structure. Any level of flooding can affect building systems (electrical, plumbing, etc) and
make the structure unusable.
The surge analysis revealed significant potential hazard to occupants of the structure.
Enough potential depth existed to be a direct threat to life safety as well as a secondary threat by
affecting the buildings structural integrity. The SLOSH MEOW flood values are maximums, and
likely are a conservative estimate of flooding. Actual surge flooding may differ significantly.
However, the surge flooding is a potential hazard, as was the rainfall flooding. Surge flooding is
geographically sensitive and small changes in hurricane track can cause large changes in storm
surge height.
5.4.3 Evacuation Risks
While there are risks from hurricane hazards which must be considered, there are also
specific risks from evacuation. The first such risk is the risk from traffic fatalities. Nationally, the
average number of traffic fatalities is 1.41 fatalities for every 100 million vehicle miles traveled.
Based on the comparatively short distance being traveled (evacuations are typically not further
than a few hundred miles), and the relatively low number of vehicles needed, the risk of traffic
fatalities would be low. Although the risk is low, the consequence of a traffic accident is high,
especially if buses are being used. An example of this occurred during the Hurricane Rita
evacuation, where a bus fire South of Dallas claimed the lives of 24 nursing home patients being
evacuated from Houston (Zachria 2006).
The risk to building residents health must also be taken into consideration. For critical
care residents, such as some of those in hospitals and nursing homes, being evacuated can result
in fatalities. While there is no specific method available to quantify this risk, anecdotal data
suggest that the bulk of casualties in hurricane evacuations are from critical care portions of the
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population as discussed in Section 2.9. The specific risk to individual residents also depends on
their condition and the resources available to the facility.
5.5 Decision Recommendations
Because of the longer timelines required for evacuation of medical special needs
facilities, decisions must be made earlier in the forecast period. At long forecast periods, errors in
forecasting are significantly higher, but they can be factored into the decision. When considering
surge flooding, there is the potential for significant flooding, but small changes in hurricane track
and intensity could result in little or no flooding. However, there is potential for some rainfall
flooding. This flooding is less sensitive to small changes in track or intensity and is more likely
to occur. While the expected levels of rainfall flooding do not threaten life safety, they could
potentially make the structure uninhabitable.
For high winds, there is a significant probability of experiencing a strong hurricane. The
potential for Damage States 2 and 3 exist, with a probability of experiencing Damage State 3
equal to 30%. At this Damage State, the structure would not be habitable, especially for the
residents being considered. Because of the structure being potentially uninhabitable due to high
winds and rainfall flooding, as well as the potential for significant storm surge flooding, it is
recommended that the facility be evacuated.
5.6 Additional Considerations
The evacuation and sheltering recommendations discussed in the preceding section are
based solely on direct risks to life safety from storm and evacuation hazards (and to a lesser
extent, the potential habitability of the building after the storm). However, there are a host of
other factors that also may need to be considered in the evacuation or sheltering decision process,
particularly for medical special needs populations. Examples include
Availability of appropriate transportation and remote location to house the evacuees
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Particular characteristics of residents (elderly, critical care, etc)
Availability of staff to support shelter in place operations (some staff may evacuate with
their families)
Available equipment and supplies (generators, food, water, etc)
Ability for the community to quickly recover from the storm. This includes clearing
debris and restoring utilities.
These are only examples which exhibit the many additional factors which may need to be
considered. While each individual factor may not be significant, as a whole they can greatly
influence the ultimate decision on whether to evacuate or shelter.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
RESEARCH
The main goal of this thesis was to develop a hurricane evacuation/sheltering decision
support tool based on risks to life safety. A methodology was created that provides a basis for
making evacuation and sheltering decisions with regard to the three major hurricane hazards:
high winds, storm surge flooding, and rainfall flooding. Information was quantified and
presented in a risk-based manner.
6.1 Summary
The methodology presented examines the characteristics of a structure or geographic area
to aid in the evacuation/sheltering decision. An approaching storm is examined, and based on its
forecast and the study site‟s geographic information, hazards from the storm are determined.
These hazards are then used to determine vulnerabilities of the study site to the hazard. Last, the
probability of the hazard occurrences and the vulnerabilities are combined to determine the risk
to the population at the study site. Based on these risks, evacuation/sheltering recommendations
are made.
For the determination of storm surge and rainfall flood hazards, current tools were
utilized. For storm surge, SLOSH was utilized to determine hazards for long range forecasts. For
shorter range forecast, output from the Psurge model was utilized. Rainfall flood hazard was
determined using FEMA Flood Insurance Studies and Flood Rate Maps. At long forecasting
periods, approximate methods were used to estimate rainfall. Output from the TRaP model was
used to determine forecast rainfall at shorter forecast periods. Wave heights were also
determined based on the wind speed and flood hazard. Wave heights were then incorporated into
the flood hazard.
Vulnerability was assessed by determining the impact of the hazards on the population.
For high winds, Damage States which predict expected damage by wind speed were used and
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effects of the levels of damage on habitants of the structure was estimated. For flooding, collapse
potential was used to determine structural vulnerability. Additionally, functions from literature
which relate flood depth to fatalities were used to determine the vulnerability of population
exposed to floodwaters.
Risk was determined by combining the hazards and the vulnerabilities. For wind,
individual wind speed probabilities were determined and combined with structural damage states
to obtain the probability of experiencing at least each damage state. For surge flooding, the
probability of experiencing each flood depth was determined and combined with the flood
fatality curves. Because rainfall flooding could not be described in a probabilistic manner, only a
general risk from rainfall flooding was determined.
6.2 Conclusions
A critical step in determination of the hazards was assessment of errors in hurricane
forecasts for land falling storms. An analysis was conducted for the National Hurricane Center
track forecasts for all named storms from 2003 to 2007 making landfall on northern Gulf of
Mexico coast (total of 16 storms). The forecast landfall errors from each storm were determined
and binned into categories by distance from landfall. Each bin category was then tested for
normality, and statistical properties were determined. Key findings from this analysis include:
Landfall errors in all bins were approximately normal
The relationship of landfall error to distance from landfall was approximately normal
When examining tendency for landfall to shift left or right, there was a slight tendency to
shift left. When tested this was not statistically significant.
Forecast landfall error for when the storm is 301 -400 and 401-500 miles from landfall
had the highest tendency to shift left
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o When tested, these categories exhibited the weakest tendency for normal
distribution
o Category sample sizes were not adequate to perform reasonable test for statistical
significance
For the determination of wind hazard, a new method was developed which utilized the
forecast landfall error analysis. This method included:
Correlating the forecast hurricane wind field with the forecast landfall error
Generating possible landfall positions by randomly sampling forecast landfall error
distribution
Recording the wind speed at the study site for each sampled position and its
corresponding wind field
Statistical analysis of wind speeds was performed to obtain a wind speed distribution
based on landfall error
This distribution was combined with historic intensity error distribution and an overall
wind speed probability distribution based on landfall and intensity error was obtained.
The proposed risk-based evacuation/sheltering decision support was demonstrated
through analysis of two examples in south Louisiana. The first example considered how to use
the method to develop a risk-based evacuation or shelter in place recommendation for the
community of Franklin, Louisiana for Hurricane Gustav. The second example was an
application of the methodology intended to assist a hypothetical hospital in Abbeville Louisiana
make a decision to evacuate or shelter in place.
In the first example, a representative residential structure for Franklin was used to
determine risks from Hurricane Gustav for sheltering and evacuation on a community wide level.
The structure chosen was a single story wood frame structure with gable ends and no window
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protection. While this structure is typical of Franklin, it was assumed to be on the lower end with
regard to construction and strength, providing for a slightly conservative approach. Actual
forecasts from Gustav were used in what was modeled as a real-time scenario, and Franklin‟s
geographic characteristics were used to determine site-specific hazards. In this analysis, it was
recommended that the population in Franklin shelter for Gustav. Due to local geography, risk
from rainfall and storm surge flooding was minimal and the risk to life safety from wind was
also low.
In the second example, a small hospital in Abbeville Louisiana was selected to
demonstrate application of the proposed methods to a single critical facility. This scenario also
used Hurricane Gustav, but the storm forecast intensity at landfall was modified to be a Category
4 storm to demonstrate results from a more significant wind hazard. For this scenario, only the
96 hour forecast period was examined due to the long lead time required for a hospital
evacuation. In the analysis, it was recommended that the facility be evacuated. While flood
hazard was present and significant, this recommendation was also made based on risk from wind.
In the analysis, risk to life safety would have been significant during the event and expected
damage from wind would likely have resulted in the structure being uninhabitable. While the
decision to evacuate could have been made, it likely would have been based on surge flooding.
Less consideration may have been given to wind hazard which ultimately helped drive the
recommendation to evacuate.
The developed methodology provided a good basis for which evacuation and sheltering
decisions can be made. At long range forecast, surge flooding information was not complete
enough to compute probabilistic risk. This prevented detailed decision-making criteria from
being applied. Lack of detailed rainfall forecast beyond 24 hours also made rainfall flooding
estimates difficult to determine.
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6.3 Recommendations for Improvements and Future Research
The following items are areas in which additional research could improve the proposed riskbased evacuation/sheltering decision support tool:
o The methodology presented here is customized for the Northern Gulf of Mexico Coast.
Future research could also apply the methodology to other areas
o To utilize the methodology in other areas landfall error would need to be
recalculated to account for the different ways in which hurricanes approach
different coastlines. On the Eastern US coast, hurricanes which may typically
approach on parallel tracks have different landfall errors.
o Terrain differences not present on the Northern Gulf Coast may need to be
accounted for when considering flood hazard
o High winds
o Tornado risk should be better quantified
o Risk to inhabitants of a structure should be better correlated with structural
damage states
o Storm surge flooding
o Better values for inland flooding should be obtained
o More refined scale should be used for flood depths
o Probabilistic surge models based on historic forecast error should be performed at
longer forecast periods
o Better quantify structural damage from storm surge
o Rainfall Flooding
o Determine probabilistic rainfall using historic track error
o Better flood prediction model
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Detailed hydraulic survey should be performed in study area



Studies correlating rainfall return periods (input) with flood severity
should be performed

o Additional population vulnerabilities
o Elderly/vulnerable portions of the population should be better accounted for
o Individuals without transportation should be considered
o Account for the likelihood of ignoring evacuation order
o Decision processes
o Expand decision process to consider possibility and impact of infrastructure
damage
o Better quantification of evacuation risk
o Determine acceptable risk and fatalities in evacuation and sheltering by
conducting a detailed survey of emergency management personnel
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APPENDIX A. CALCULATION OF WIND RISK
The wind risk calculation for Franklin from Section 4.4.1 for the 96 hour forecast period
will be presented. The landfall error functions are given in Section 3.1.3.1 and are as follows:
13.84 x 10.458

(A1)

10.364 x 15.961

(A2)

x is the distance from landfall in hundreds of miles. For the 96 hour forecast period, Gustav was
1105 miles from landfall (x=11.05). The error analysis from Equations A1 and A2 yields a mean
standard landfall error of 163.4 miles and a standard deviation of 130.5 miles. Using this landfall
error, Gustav‟s landfall position is simulated N times and each individual simulation is correlated
to the forecast wind field. The forecast wind field used in the analysis (from HAZUS) appears in
Figure A.1.

Figure A.1 Wind Field Forecast from HAZUS
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The wind field in Figure A.1 was divided into a grid with 5 mile by 5 mile squares. The
coverage of the grid included the entire forecast wind field. Areas forecast as having less than 50
mph winds were decreases away from the hurricane track at a rate of 1 mph per grid. This grid
was then moved randomly, with the grid location for Franklin being the constant. For each
simulation, the wind speed in the Franklin grid was recorded. It should be noted that wind speed
cannot be less than zero.
Microsoft Excel was used for this simulation, and the expression
NORMINV(RAND(),µ,σ) was used to randomly sample the landfall error distribution.
Mathematically, this is expressed as follows:
1

xi

x

where
1

1

(u i )

(A3)

x

(u i ) is the inverse of the standard normal distribution and is given as:
2erf 1 (2u i 1)

(ui )

(A4)

where ui is a probability and here is taken as a randomly generated number between 0 and 1.
The error function is defined as:
erf

2

x

e

t2

(A5)

dt

0

For analysis purposes, a simulation was used in which 5,000 runs were performed. This
simulation appears in histogram form in Figure A.2. This number was based on an adequate
number of simulations being performed to obtain reasonable data without running excessive and
time-consuming simulations. Simulations were performed with increasing numbers of runs
within the simulation until a point (5000 runs) was reached in which the number of runs did not
significantly affect the results of the simulation. For this forecast period, a 10,000 run simulation
was also performed for comparison purposes. This simulation appears in histogram form in
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Figure A.3. This simulation was performed to compare the results with the previous simulation
and to determine the adequateness of the 5,000 run simulation. As can be seen in Table A.1, the
results of the two simulations are very similar.

Figure A.2 Simulation Used in Analysis (N=5000)

Figure A.3 Additional Simulation (N=10000)
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Table A.1 Comparison of Simulations

Mean
Standard Deviation

5000
52.84
34.97

10000
52.33
34.75

Once the mean and standard distribution of the wind speeds correlating to landfall error
are found, they are combined with historic intensity error for the 96 hour forecast period (µ=5.28, σ=26.88) as described in Section 3.1.4.1 and the overall mean and standard deviation for
the wind speed probabilities are obtained.
The overall wind speed mean and standard deviation were determined as follows:
V

V ( L)

52.84 ( 5.28)

V (I )

2
V

2

V ( L)

V (I )

34.97 2

47.56

26.88 2

44.11

The mean and standard deviation found are then used to create a distribution of the wind speed
probabilities for Franklin by plotting a distribution using the normal distribution function
(Equation A6). x is taken from as the lower and upper limits of the histogram. If the upper limit
of the histogram is less than 200, the upper limit is taken as 200. This allows for the distribution
to tail off and also allows for the capsulation of higher wind speed probabilities if needed.
f ( x)

1
2

(x

e

2

)2
2

(A6)

These probabilities appear in Figure A.4.
Once the distribution above is obtained, it can be combined with the damage functions to
obtain the risk to structural damage from the approaching storm. The damage functions for the
sample structure appear in Figure A.5.
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Figure A.4 Wind Speed Probability Distribution at 96 Hour Forecast

Figure A.5 Damage Curve for Sample Structure from HAZUS
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Once the wind speed probability distribution and the damage functions are obtained, the
structural risk can be determined. The expression for the expected level of damage is determined
from the following expression which is presented in Section 3.4.1:

E[ D]

D(hi ) f (hi )dhi

(A7)

This expression can be approximated as:
n

E[ D]

Di p(h) i

(A8)

i 1

This calculation is performed using the wind speed probabilities from Figure A4 and the Damage
Curves from Figure A.5. Di correspond to the Damage Curves p(h)i correspond to the wind speed
probability distribution. The expression is summed over the series i =1,2…200, where i is in
miles per hour (3 second gust). Table A.2 shows the risks to structural damage from each
HAZUS damage state. These probabilities are the probability of experiencing at least each
Damage State.
Table A.2 Risks from High Winds
Damage State
1 - Minor Damage
2 - Moderate Damage
3 - Severe Damage
4 - Destruction

P (%)
16.9
6.7
2.1
0.8

The same damage curve functions were used for each forecast period, and the only difference in
each forecast period was the forecast wind field, which produced a new wind speed probability
distribution and subsequently the probability of the structure experience the different damage
states.
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APPENDIX B. TESTS FOR NORMALITY
The landfall errors determined in Section 3.1.3.1 were tested for normality using the
Shapiro-Wilk test. This test is valid for small to medium sample sizes up to n≈3000. The
Shapiro-Wilk statistic, W, is a ratio of the best estimate of variance to the sum of squares
estimate of variance. It is given as:
n

( wxi ) 2
W

i 1
n

( xi

)2

i 1

Where xi is a data point, µ is the sample mean, and w is an estimate function of the sample means
and variances. Table B.1 presents the results of the test for each distance bin. N is the number of
samples in each bin.
Table B.1
D from landfall
(miles)
0 -100
101 - 200
201 - 300
301 - 400
401 - 500
501 - 750
751 - 1000
> 1000

N
16
20
22
17
21
33
18
15

W
0.81
0.85
0.82
0.70
0.70
0.83
0.80
0.86

Additionally, each set of data was plotted on a normal probability plot to ensure the data
generally followed a normal distribution. This plot examines whether a data set is approximately
normal. Data is plotted against a theoretical normal distribution and points should form a straight
line if the sampled distribution is normal. Departures from the straight line indicate departures
from normality. Figures B.1 – B.8 show probability plots for the individual error bins used. As
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can be seen, data generally follows a normal distribution, although there are some departures
from normality. However, by examining both the Shapiro-Wilk test results and the normal
probability plots, it can be assumed that the data is normally distributed.
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Figure B.1 Normal Probability Plot, X = 0 – 100 miles
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Figure B.2 Normal Probability Plot, X = 101 – 200 miles
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Figure B.3 Normal Probability Plot, X = 201 – 300 miles
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Figure B.4 Normal Probability Plot, X = 301 – 400 miles
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Figure B.5 Normal Probability Plot, X = 401 – 500 miles
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Figure B.6 Normal Probability Plot, X = 501 – 750 miles
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Figure B.7 Normal Probability Plot, X = 750 – 1000 miles
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Figure B.8 Normal Probability Plot, X = >1000 miles
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APPENDIX C. FRANKLIN SLOSH INOFRMATION
Figures C.1 – C.12 show predicted storm surge heights and relative surge hazard in
Franklin, Louisiana using SLOSH MEOW data. Heights are in feet above local elevation and
assume a local elevation of 5 feet.
Table C.1 SLOSH MEOW Flood Depths (5 mph, low tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY

Hurricane Category
2
3
4
5.3
11.0
14.8
2.7
8.6
12.5
2.9
9.0
12.9
3.0
9.2
13.2
3.3
8.8
12.2
2.0
8.2
11.0
DRY
6.9
10.2
DRY
6.1
9.6
DRY
5.5
8.1

5
17.9
15.8
16.4
16.3
15.7
14.8
14.1
13.2
11.5

Table C.2 Relative Surge Hazard (5 mph, low tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1

Hurricane Category
2
3
4

5

Key
Flood Depth
d < 1 ft
1 ft < d < 3 ft
d > 3 ft

Minimum Hazard
Medium Hazard
High Hazard
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Table C.3 SLOSH MEOW Flood Depths (5 mph, high tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY

Hurricane Category
2
3
4
7.5
12.1
15.5
6.1
10.2
13.9
6.1
10.2
14.3
6.0
10.3
14.2
5.7
9.8
13.7
4.6
9.0
12.0
3.6
8.1
11.6
2.7
7.4
11.0
2.0
6.7
9.9

5
18.6
16.4
16.7
16.9
16.9
15.6
14.8
14.0
13.2

Table C.4 Relative Surge Hazard (5 mph, high tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1

Hurricane Category
2
3
4

5

Key
Flood Depth
d < 1 ft
1 ft < d < 3 ft
d > 3 ft

Minimum Hazard
Medium Hazard
High Hazard
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Table C.5 SLOSH MEOW Flood Depths (15 mph, low tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY

Hurricane Category
2
3
4
DRY
6.0
11.5
2.0
7.9
11.6
2.1
8.9
12.9
2.4
9.6
13.9
DRY
8.3
11.8
DRY
5.0
9.0
DRY
5.6
8.8
DRY
2.5
5.1
DRY
DRY
DRY

5
16.8
16.3
17.7
17.9
16.7
12.8
12.3
8.8
3.7

Table C.6 Relative Surge Hazard (15 mph, low tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1

Hurricane Category
2
3
4

5

Key
Flood Depth
d < 1 ft
1 ft < d < 3 ft
d > 3 ft

Minimum Hazard
Medium Hazard
High Hazard
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Table C.7 SLOSH MEOW Flood Depths (15 mph, high tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY

Hurricane Category
2
3
4
2.1
9.0
14.5
2.4
9.4
13.9
3.8
10.3
15.4
5.0
10.7
15.7
2.6
9.7
13.4
DRY
5.0
10.5
DRY
5.6
9.9
DRY
2.5
7.5
DRY
DRY
3.0

5
18.4
17.6
19.1
19.1
17.6
14.2
14.1
10.6
6.0

Table C.8 Relative Surge Hazard (15 mph, high tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1

Hurricane Category
2
3
4

5

Key
Flood Depth
d < 1 ft
1 ft < d < 3 ft
d > 3 ft

Minimum Hazard
Medium Hazard
High Hazard
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Table C.9 SLOSH MEOW Flood Depths (25 mph, low tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY

Hurricane Category
2
3
4
DRY
2.2
9.1
DRY
7.6
11.2
2.1
9.2
14.2
2.2
9.5
14.3
DRY
4.1
10.7
DRY
DRY
5.4
DRY
2.1
8.0
DRY
DRY
4.4
DRY
DRY
DRY

5
15.1
17.0
18.6
18.9
15.9
10.9
11.7
9.8
2.3

Table C.10 Relative Surge Hazard (25 mph, low tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1

Hurricane Category
2
3
4

5

Key
Flood Depth
d < 1 ft
1 ft < d < 3 ft
d > 3 ft

Minimum Hazard
Medium Hazard
High Hazard
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Table C.11 SLOSH MEOW Flood Depths (25 mph, high tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY
DRY

Hurricane Category
2
3
4
2.0
5.8
11.9
2.5
9.5
14.3
3.6
10.8
16.2
4.0
11.1
16.6
2.1
8.4
12.2
DRY
3.0
9.2
DRY
3.8
9.5
DRY
2.2
8.0
DRY
DRY
2.1

5
17.5
18.6
20.7
21.2
17.4
12.3
13.3
11.4
4.9

Table C.12 Relative Surge Hazard (25 mph, high tide)

Direction
E
ENE
NE
NNE
N
NNW
NW
WNW
W

1

Hurricane Category
2
3
4

5

Key
Flood Depth
d < 1 ft
1 ft < d < 3 ft
d > 3 ft

Minimum Hazard
Medium Hazard
High Hazard
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